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Preface 



One of the largest natural biological experiments, perhaps the only one 
replicated across all latitudes and all climatic regions, is uplift of the land- 
scape and exposure of organisms to dramatic climatic gradients over a 
very short distance, otherwise only seen over thousands of kilometers of 
poleward traveling. Generations of plant scientists have been fascinated by 
these natural test areas, and have explored plant and ecosystem respons- 
es to alpine life conditions. Alpine Plant Life is an attempt at a synthesis. 

This book has roots in a century of research into alpine ecology at the 
Insitute of Botany in Innsbruck, Austria. Anton Kerner pioneered the field 
in the late 19th century. Arthur Pisek founded modern comparative and 
experimental ecology of alpine plants, and was the first to systematically 
combine field with controlled environment studies. Walter Larcher intro- 
duced the ecosystem approach, the question of scale. During my doctoral 
project with him on alpine plant water relations, he stimulated my 
interest in links between plant structure and function and in plant devel- 
opmental processes. My former senior colleague Alexander Cernusca 
introduced me to environmental physics and thanks to him I began to 
think in terms of fluxes and pools. This text could not have been written 
without these influences. 

Privileged to grow up in a green environment, my interest in biology 
was stimulated by my parent’s fascination in plants and landscape 
gardening, their painting and photography, and their strong feel for 
natural aesthetics. Alpine vegetation is often like a garden, a mosaic of 
beauty, a small-scale multitude of ways of coping with life, attractive to 
both the naturalist and the scientist. Perhaps the reader will also find some 
morsels of this fascination between the lines of this scientific text. 

Essential contributions to this volume were the patience and help by my 
wife Raingard and the graphical work, help with literature and laboratory 
analysis by Susanna Pelaez-Riedl. I am grateful to J Arnone, E Beck, MM 
Caldwell, T Callaghan, FS Chapin, M Diemer, B Holmgren, S Pelaez-Riedl, 
F Schweingruber, J Stocklin and H Veit for commenting on drafts of 
various parts of the text. A number of colleagues helped with information, 
plant samples or unpublished data, namely WD Bowman, J Gonzalez, S 
Halloy, W Larcher, G Miehe, J Paulsen, H Reisigl, R Siegwolf, M Sonesson, 
RC Sundriyal, U Tappeiner and R Voeko, R. Guggenheim and his team pro- 
duced the scanning electron micrographs in Chap. 9 and 16. H Schneider 
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assisted with electronic treatment of photographs. The University of Basel 
provided an ideal environment for research and teaching alpine ecology 
to students and permitted the needed work-leave. I thank the Abisko 
Research Station in N-Sweden for hosting me during much of the litera- 
ture and text work. 

I also gratefully acknowledge the fruitful cooperation with the Springer 
team throughout this project. In particular, I would like to thank S Bunker, 
D Czeschlik, A Schlitrberger, K Matthias, and K-H Winter. 

Alpine Plant Life was written for a broad readership. This has made it 
necessary to start several chapters with rather general introductions. On 
the other hand, I have tried to cover the bulk of scientific findings. In trying 
to cover as many relevant topics as possible, the reader will often only be 
given a reference to find answers elsewhere. There is no way to treat this 
field of science exhaustively in a single volume like this. Hence, the product 
is a compromise, which hopefully will interest the specialist as well as a 
wider audience. 



Basel, February 1999 



Christian K5rner 
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1 Plant ecology at high elevations 



Plants respond to the harsh alpine environment 
with a high degree of specialization, the struc- 
tural and functional aspects of which this book 
aims to explore. Palaeorecords suggest that life on 
land started out in sheltered, warm and moist 
environments, and gradually expanded into more 
demanding habitats where water is rare, thermal 
energy is either low or overabundant or where 
mechanical disturbance is high. More than 100 
million years ago, when the large, hot deserts of 
the Cretaceous period where formed, coping with 
drought became a matter of survival in higher 
plants. Why is this of relevance here? Because 
survival of both drought and freezing tempera- 
tures requires cell membranes which can tolerate 
dehydration. When plant tissues freeze, ice is 
first formed in gaps between cells, which draws 
water from protoplasts (see Chap. 8). A link 
between the ultrastructural and molecular basis 
for freezing tolerance and the evolution of 
dehydration tolerance of biomembranes has 
therefore been suggested (Larcher 1981). Plant 
survival in cold as well as hot “deserts” - the two 
thermal extremes on the globe - thus may have 
common evolutionary roots, although life under 
such contrasting thermal conditions requires 
many additional, rather different metabolic and 
developmental adaptations. The ability to survive 
low temperature extremes opened the highlands 
of the earth to plants. The Tertiary (and still 
ongoing) uplift of mountain ranges strongly ac- 
celerated the evolution of alpine taxa (Billings 
1974; Agakhanyantz and Breckle 1995). Embedded 
in different floras of the world, high mountains 
became both highly fragmented refuges and 
corridors of cross-continental migration, and 



often bear plant diversities richer than those 
in their surrounding lowlands (Korner 1995a; 
Barthlott et al. 1996; see color Plates 1-3 at the 
end of the book). 

The concept of limitation 

Life in high mountains is mainly constrained by 
physical components of the environment (Fig. 1.1) 
and some high altitude plant specialists can 
survive incredible “extremes”, for example dipping 
in liquid nitrogen. Some species manage to grow 
at altitudes of 6000 m (Webster 1961; Grabherr 
et al. 1995; see Chap. 2). The study of traits which 
enable plants to live in such climatic extremes has 
fascinated generations of biologists, but what is 
an extreme? Once the ability to cope with envi- 
ronmental extremes has evolved, such extremes 
become elements of “normal” life. If we move 
genetically adapted plants to what - from our 
human perspective - might be less extreme, most 
of these specialist plants would either die or 
would be suppressed by species native to the 
new habitat. Hence, in an ecological context, 
the concept of “limitation” becomes problematic. 
The term emerged from agronomy, where limita- 
tion was defined as a limitation of biomass 
production when compared with some maximum 
value that might be achieved with all resource 
limitations and environmental perturbations 
eliminated. However, in nature mass production 
only matters if it contributes to survival and 
reproduction, hence fitness. In so-called limiting 
environments, the enhancement of “limiting” 
resources or the removal of physical constraints 
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Fig. 1.1. Fit to survive and reproduce under demanding 
environmental conditions (Ranunculus glacialisy Alps 
2600 m) 



may stimulate (in the short term) growth 
and reproduction, but in the long term, may 
eliminate an organism from its previously 
more “limiting” habitat by competitive replace- 
ment. Environments are only limiting to those 
which are not fit. 

The ability to cope with specific environmental 
demands can be achieved in three ways: (1) by evo- 
lutionary (phylogenetic) adaptation, (2) by onto- 
genetic modifications, which are non-reversible 
during the life of an individual (or its modules 
such as leaves or tillers) but are not inherent, or 
(3) by reversible adjustment, often termed “accli- 
mation” or modulation. If, by any of these adap- 
tive mechanisms, a plant achieves the ability to 
cope with the demands of its environment and 
successfully reproduces, it is fit - which by itself 
says nothing about the adaptive mode employed. 
Natural selection usually sieves for genotypic 
fitness. Populations of species with particular 
fitness for life in a particular environment are 
called “ecotypes” (Turesson 1925; Clements et al. 
1950; Hiesey and Milner 1965). The history of the 
ecotype concept is closely linked with high moun- 
tain plant ecology (Billings 1957). High and low 



altitude provenances of plants of the same species 
were the first for which clear ecotypic differentia- 
tion was demonstrated (e.g. Engler 1913; Turesson 
1931; Clausen et al. 1948; Clements et al. 1950), and 
evidence for altitude ecotypes dates back to the 
last century (see Langlet 1971). 

Altitude specific ecotypes, however, are only 
halfway to speciation. Though ecotypic differences 
within a species may be larger in some cases than 
differences among certain species, in the long 
term, it is the higher taxon difference at the species 
or even genus level that sets the strongest contrast 
between alpine and lowland specialists. Specialists 
exclusively found at high altitudes will more likely 
reflect a high degree of “adaptation” in their char- 
acteristics, and hence can be expected to behave as 
more typically “alpine” than plants which radiate 
from lower elevation centers to high elevation out- 
posts (Gjaerevoll 1990). However, it will be demon- 
strated in this book that even specialist species 
with a narrow high altitude range are weak indi- 
cators of life zone specific behavior. The reason for 
this is the large structural and functional diver- 
sity that is found among plant species even at 
highest altitudes (Korner 1991). It is the habitat 
(altitude) specific community of species and the 
relative frequency of traits among those species 
that bears the most solid message with respect to 
life zone specific adaptive responses (cf. Billings 
1957). Provenances or ecotypes of single species 
from a wide altitudinal range, extending far 
beyond the zone of greatest abundance, have the 
advantage of close taxonomic relatedness, but may 
be “Jacks of all seasons”, and hence are less likely 
to bear the most characteristic features of the 
highest life zone of plants (Fig. 1.2). 

These views of limitation, adaptation and life 
zone specific responses governed this synthesis. 
It adopts a comparative approach across large geo- 
graphic and altitudinal scales and large groups 
of species. Wherever possible, consideration of 
frequency distributions of traits among species 
or community means rather than single species 
data are given priority. Given the taxonomic 
and micro-habitat diversity found in the alpine 
zone, monospecific studies are at risk to reflect 
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Fig. 1.2. Abundance ranges of different plant species or 
groups of plant species (I, 2, 3) or ecotypes of species 
(la,b; 2a, b; 3a, b) along an altitudinal gradient. Ranges of 
maximum abundance do not necessarily reflect physiological 
optima but are simply centers of distribution. The 
comparative study of lb vs la, 2b vs 2a and 3b vs 3a has 
the advantage of taxonomic (and possibly functional) 
relatedness and the disadvantage of comparing distribution 
tails (ecotypes from marginal habitats) rather than plants 
from the center of their range. In contrast, comparisons of 
plants with abundance peaks in the center of environmental 
antipodes (e.g. 3 versus 1) are more likely to hit strong, life 
zone specific attributes, but taxonomic, and possibly 
functional diversity needs to be covered by comparing data 
for whole communities. Both approaches have been used 
in the past. For some questions, comparisons within 
overlapping zones, in particular the “x” zone bear a lot of 
scientific potential, but this has been explored to a lesser 
extent 



curiosity rather than more general principles, 
even though the curiosity by itself may be a 
scientific jewel. 

A regional and historical account 

Research on functional ecology of alpine plants 
has a century-long history, and has its roots in 
comparative plant geography. By 1997 I had 
recorded approximately thousand publications 
dealing with functional aspects of alpine plant life 
and treeline biology (the phytogeographic and 
taxonomic literature on alpine plants is at least 
twice as large). The following brief and neces- 
sarily incomplete historical overview may assist 
readers in spotting some key references for geo- 
graphic regions of interest. The later chapters are 
not structured by geography but by ecological 
topics. Where adequate, most recent examples 
have been used, which allow tracing references to 
earlier work. Figure 1.3 illustrates the geographi- 
cal distribution of alpine plant research as 
reflected by the number of publications. 

The pre-World War II research in alpine plants 
was almost exclusively conducted in the temper- 
ate zone of Europe, more specifically the Alps 
and the southern Scandes. The earliest scientific 
description of the elevational change in vegeta- 
tion, the first mountain monograph of the world, 
is Descriptio Montis Fracti by K Gessner, who 
climbed Pilatus (Luzern, Switzerland) in 1554 and 
drew a rather precise picture, still valid today 
(Grabherr 1997). Possibly the first experimental 
attempts were those with transplants by Naegeli 
(mid 19th century from the Alps to Munich) and 
by Kerner (1869) from low altitude to alpine alti- 
tudes in Tirol. Interestingly, both these tests were 
not very successful. Most of Naegeli’s alpine plants 
died at the “more favorable climate” at low altitude 
and also Kerner’s lowland plants had obvious 
difficulties at the treeline, which led him to con- 
clude that there must be an inherent (genetic) 
component associated with plant adaptation. 
From his famous reciprocal transplant experi- 
ments in the French Alps and Pyrenees, Bonnier 
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Fig. 1.3. Statistics of the geographical distribution of 
published research on the functional ecology of alpine plant 
ecology (evaluation of 800 publications). Publications on 
treeline biology are given in bulk. This survey does not 
include: geobotanical or floristic literature, papers on high 
altitude meteorology and climatology, soils, and 
conservation issues. Also work documented in the form of 
PhD or masters theses, institutional reports and publications 
in regional print media have been disregarded, because their 
inclusion would have biased the assessment toward the 
scientific environment of the author 



(1890a, 1895) concluded instead that the environ- 
ment has an overwhelming morphogenetic 
influence. Bonnier was the first to note with sur- 
prise (and by using incredibly simple devices) 
that the photosynthetic capacity of alpine plants 
is comparatively high. This conclusion matched 
well with the results of a broad leaf anatomical 
survey in alpine plants conducted during the same 
period by Wagner (1892) in the mountains around 
Innsbruck. 

Following a first synthesis of knowledge by 
Schroter (1908, 1926), Swiss and Austrian re- 
searchers then took a lead in the more physiolog- 
ically oriented alpine plant ecology for the first 
half of the 20th century. It was Senn (1922) and his 
student Henrici (1918) in Basel, who performed 
(in the Swiss Alps) the first reliable measurements 
of photosynthesis, transpiration and growth in 
alpine plants. Later, the Innsbruck group of Pisek 
(see his review in 1960) produced a large body of 



evidence on temperature and drought resistance 
and many aspects of gas exchange in the major 
functional groups of plants at and above treeline. 
This research found a post-war continuation in 
treeline and subalpine research (e.g. Pisek and 
Larcher 1954; Friedel 1961; Tranquillini 1964, 
1979) and in studies of a wide range of aspects of 
physiological ecology of alpine plants including 
high altitude extremes (Cernusca 1976; Moser et 
al. 1977 and the reviews by Larcher 1980, 1994, and 
Korner and Larcher 1988). As part of the Interna- 
tional Biological Program, Larcher’s group con- 
ducted the first process oriented, ecosystem 
research in the alpine zone (Larcher 1977) with 
follow up projects in the Man and Biosphere 
Program (Cernusca and Seeber 1981; Cernusca 
1989). Alpine research in Scandinavia, which 
includes the transition to the arctic, and in Scot- 
land, Europe’s most humid alpine outpost, con- 
tributed almost one third of the current European 
literature on alpine plant life (e.g. Turesson 1925; 
Callaghan 1976; Wielgolaski 1975; Gauslaa 1984; 
Dahl 1986, Sonesson et al. 1991 for Scandinavia; 
Woodward 1983; Friend and Woodward 1990; 
Grace 1987 as examples of the work in Scotland). 

After the genecological experiments with 
Californian alpine plants (Clausen et al. 1948), 
physiological ecology of alpine plants became a 
leading domain in the temperate zone of North 
America as well. Decker (1959) and Billings et al. 
(1961) were the first to test alpine plants under 
contrasting CO 2 concentrations, and, among 
other aspects, the physiological characterization 
of alpine ecotypes by Billings and Mooney (see 
their review in 1968) became a classic in plant 
ecology. Many other functional aspects of alpine 
plant ecology including reproductive biology 
have been studied in the following years by 
students of Billings (see his summary in 1987) 
and Bliss (1971, 1985). Caldwell (1968) pioneered 
research on solar radiation effects, including 
UV, water relations were studied by Ehleringer 
and Miller (1975) and others. At and above 
the Rocky Mountains treeline, a number of 
studies on plant nutrition and gas exchange 
have been conducted in more recent years (e.g. 
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Bowman et al. 1993; Hamerlynck and Smith 
1994). 

Beginning in the 1930s, C02-gas exchange and 
water relations of alpine plants were studied in 
temperate central Asia (primarily in the Pamir 
and mostly published in Russian) by Blagow- 
estschenski (1935), Zalenskij (1955), Semichatova 
(1965), Sveshnikova (1973), Izmailova (1977); later 
extended to questions of assimilate allocation, 
plant nutrition and developmental aspects by 
Agakhanyantz and Lopatin (1978). Most recently 
Pyankov et al. (1992) surveyed C4-species in high 
altitudes. In the 1970s eco-physiological and eco- 
climatological work was taken up in the Central 
Caucasus (e.g. Nakhutsrishvili 1976; Nakhutsr- 
ishvili and Gamzemlidze 1984) followed by the 
project by Rabotnov (1987) in the northwest 
Caucasus. For more recent work from the Cau- 
casus, see Onipchenko and Blinnikov (1994) and 
Tappeiner and Cernusca (1996). Shibata (1985) 
reviewed work done in the Japanese alpine zone 
and examples of more recent work are the papers 
by Masuzawa (1987), Shibata and Nishida (1993) 
and Kikuzawa and Kudo (1995). Alpine plant 
research in the temperate zone of the Southern 
Hemisphere is exemplified by the work of Mark 
(1975) in New Zealand, Costin (e.g. 1966) and 
Slatyer (e.g. 1976, 1978) in the Snowy Mountains of 
southeastern Australia. 

Functional ecology of alpine plants in the sub- 
tropics and tropics is largely underrepresented in 
the literature (Fig. 1.3.), and a substantial fraction 
of observational material collected did not find its 
way into easily accessible publications. In part this 
had to do with the extreme difficulties for field 
work in tropical alpine conditions, and the result- 
ing often incomplete data sets which did not meet 
the standards of (temperate zone) journals. Fur- 
thermore, priority of alpine research in these 
regions, had, by necessity, to be given to docu- 
mentary work on the flora and life conditions, 
since most often not even the simplest base data 
were available. Examples of early observational 
material date back to the work by Schimper (1898; 
see also Schimper and von Faber 1935), with the 
first detailed functional analysis of a tropical 



alpine vegetation by Hedberg (1964) and Hedberg 
and Hedberg (1979). Approaches of more geob- 
otanical emphasis are those by Vareschi (1951); 
Troll and Lauer (e.g. 1978) and Walter and Breckle 
(various chapters in their 1991-1994 volumes). 
Experimental work in the modern sense remained 
restricted largely to three truly alpine areas in 
the tropics: (1) The Paramos of Venezuela, with 
studies on gas exchange, freezing tolerance and 
growth forms (e.g. Larcher 1975; Baruch 1979; 
Goldstein et al. 1985; Meinzer et al. 1985; Rada et 
al. 1987; Smith and Young 1987; Monasterio and 
Sarmiento 1991; and comparative work in tropical 
Northern Chile (Arroyo et al. 1990; Squeo et al. 
1991), (2) the afro-alpine vegetation on Mt. Kenya 
(e.g. Schulze et al. 1985, Beck 1994), and (3) Mt. 
Wilhelm in New Guinea (e.g. Walker 1968; Hnatiuk 
1978; Korner et al. 1983). Syntheses of tropical- 
alpine plant ecology with individual contributions 
from all major tropical high mountain regions 
were edited by Vuilleumier and Monasterio (1986) 
and Rundel et al. (1994). 

In the subtropics, again most research is from 
three areas , the alpine zone of the northwest 
Argentinan Andes (e.g. Ruthsatz 1977; Halloy 
1982, 1991; Geyger 1985; Gonzalez et al. 1993), the 
southern Himalayas (e.g. Purohit et al. 1988; 
Pangtey et al. 1990; Sundriyal and Joshi 1992; 
Terashima et al. 1993) and the special island situ- 
ation of Hawaii (Ziska et al. 1992; Sullivan et al. 
1992; Lipp et al. 1994). 

Introductions to alpine plant ecology with a 
global perspective are contained in Ives and Barry 
(1974); Franz (1979; a general overview, covering 
plants, animals as well as soils), and in the rele- 
vant chapters of the Walter and Breckle series 
(1991-1994). Klotz’s (1990) and Archibold’s (1995) 
books contain comparative overviews on alpine 
vegetation. Reviews on alpine plant diversity 
and its causes are contained in Chapin and Korner 
(1995). Functional aspects of the treeline problem 
have been reviewed by Wardle (1974); Tranquilli- 
ni (1979); Grace (1989) and Korner (1998). The 
ecophysiology of alpine plants was reviewed in 
the above mentioned articles by Billings and 
Mooney, Bliss, Larcher, and K5rner and Larcher. 
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Fig. 1.4. Altitude for latitude: over short elevational distances thermal gradients represent the climate across vast latitudinal 
distances. Space for time: thermal contrasts across the relief “simulate” differences in temperature along elevational 
gradients. These are “natural” experiments, ideally suited for comparative functional ecology 




Fig. 1.5. The compression of climatic life zones over short distances makes mountains hot spots of biological diversity 
(Bathlott et al. 1996) and offers unsurpassed possibilities for comparative ecological research. This photograph shows the 
peaks of Langtang (>7000 m, Nepal), a broad alpine belt (center) and the upper montane forest dominated by Quercus 
semicarpifolia and Tsuga nn (foreground) 
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Billings (1988) and Ozenda (1988) provide geob- 
otanical reviews on the North American alpine 
flora and the flora of the Alps, respectively, 
and consider functional aspects as well. More 
specific articles will be discussed in the relevant 
chapters. 

The challenge of alpine plant 
research 

The literature selected for this brief geographical 
overview illustrates how plants cope with the envi- 
ronmental demands at high altitudes. Generally, it 
is not a simple physiological weakness related to 
stress tolerance, carbon assimilation, or nutrient 
acquisition, but a more complex, partly inherent 
restriction of growth that causes alpine plants to 
remain small (Larcher 1983; Korner and Pelaez 
Menendez-Riedl 1989). Alpine plant species were 
selected for small size, and thereby do not fully 
experience some of the climatic stresses presumed 
to dominate life at high elevation (see Chaps. 4 
and 8), but there are ultimate physical limits: the 
end of the tails in Figure 1.2. The upslope thinning 
of those abundance tails reflects the gradual 
increase of environmental constraints. Hence, it is 
the interplay of both adaptation AND increasing 
climatic limitation that governs alpine plant 
life. The content of the following chapters is 
an attempt to draw together the currently avail- 
able knowledge about the mechanisms which con- 
tribute to fitness of alpine plants and assess 
the constraints they experience from their envi- 



ronment, despite the manifold adjustments to life 
at high altitudes. 

The alpine life zone is one of the most fascinat- 
ing regions for scientific research. Nowhere else on 
land do we find steeper environmental gradients 
than in alpine terrain. Over a distance of few 
meters, we may find snow-bed communities in wet 
cold soil and hot “desert” micro-habitats on rocky 
outcrops with succulent plants utilizing crassu- 
lacean acid metabolism (see color Plate 3 at the 
end of the book). Within a half-hour drive or a 
short cable car ride we can move across life zones 
otherwise 3000 km distant in geographical latitude 
at low elevation (Fig. 1.4). This compression of life 
zones (Fig. 1.5) and the small scale patterns of 
life conditions in steep alpine terrain represent 
natural experiments which provide unbeaten 
opportunities for comparative ecological research, 
the study of plant adaptation and the mechanisms 
for survival of physical stress (Larcher 1967, 1970; 
Billings 1979). 

These gradients not only permit “elevation 
for latitude” tests in order to separate thermal 
from other mountain climate influences (Korner 
et al. 1991; Prock and Korner 1996), but also “space 
for time” studies in the context of global warming. 
At very small scales thermal gradients do occur in 
an otherwise similar macro-climatic, geological 
and florisic matrix. In contrast to short-term 
experimental manipulations (e.g. warming treat- 
ments), vegetation at such natural temperature 
gradients had time to adjust, and is thus more 
likely to reflect a realistic picture of long-term 
trends. 
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What does “alpine” mean? One common explana- 
tion is that the term is of Latin origin and means 
“white” or “snow-covered” (from “albus” = white, 
with reference to the North Italian peaks of the 
Alps as seen by the Romans; Love 1970). However, 
today linguists consider this as purely coinciden- 
tal and the term is most likely of pre-Roman 
origin, with “alp” or “alb” standing for “mountain” 
in general. Even the Basques use “alpo” for moun- 
tain flanks in their non-Indo-Germanic, an- 
cient language. Traditional terms as Alpe/Alpes 
(Romanic languages). Alp (Swiss and other Alle- 
mannic regions) or Aim (Austrian or Bavarian) 
used by farmers in the Alps refer to man-made 
pastures for summer grazing at or below the upper 
treeline. In today’s common language “alpine” is 
often applied to whole mountain regions includ- 
ing valleys and townships or is used as a general 
substitute for mountains. These uses of the word 
“alpine” do not match the meaning of “alpine 
zone” in the current context. 

In the plant-geographic sense relevant here, the 
“alpine” life zone exclusively encompasses vegeta- 
tion above the natural high altitude treeline (see 
Chap. 7). The term is applied to any low stature 
vegetation above the climatic treeline worldwide, 
and is not restricted to the European Alps from 
where the name originated. For the Andes, the 
term “high-andean” is customarily used instead 
of alpine, and “afro-alpine” is often used in the 
African mountains. 

While the alpine life zone may be reasonably 
well defined (see also below) this is not the case for 
“alpine species”. As was discussed in Chapter 1 
and illustrated in Figure 1.2, the ranges of some 
lowland species extend into the treeline ecotone or 



above (1), other species may spread from their 
montane center to both low and high altitudes (2), 
still others may be centered in the alpine zone 
but may also be found at lower altitudes (3), and 
finally, there are those which are restricted to the 
alpine zone (4). For comparative purposes, the 
consideration of all four types of species in 
the alpine zone may reveal a lot of insight into 
the adaptive mechanisms of plant life at high alti- 
tudes. However, in the strict sense, I agree with 
Gjaerevoll (1990) that only the last two categories 
(3 and 4) should be treated as “alpine plant 
species”. 

Altitudinal boundaries 

The lower boundary of the alpine life zone, the 
treeline, is often fragmented over several hundred 
meters of altitude. Where an upper treeline is 
missing, as in many arid mountain regions or 
because of deforestation, the position of the 
nearest live remnants of highest altitude tree 
growth are often taken as a rough guideline. 
Alpine treelines vary in altitude between a few 
hundred meters above sea level at subarctic lati- 
tudes to about 4000 m in the tropics and sub- 
tropics (Figure 2.1). The zone between the closed 
upper montane forest and the uppermost limits of 
small individuals of tree species is often termed 
“subalpine”. However, these boundaries do not fit 
a straight forward definition and “subalpine” has 
not become a widely used term outside Europe. In 
order to avoid confusion, I refrain from using this 
term (see the discussion by Love 1970 and Chap. 
7), and address the forest-alpine transition zone by 
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North Equator South 

Fig. 2.1. A schematic presentation of the altitudinal position of the alpine life zone from arctic to antarctic latitudes 



‘‘treeline-ecotone” (or simply “near the treeline”). 
A more precise definition seems impractical. 

The altitudinal limit for tree growth is one 
of the most striking phenomena in vegetation 
science. It obviously marks a biological threshold 
for plant life, an abrupt transition between rather 
different life forms. Because of the importance 
of understanding treeline formation in order to 
understand life beyond the treeline, this topic 
will be addressed separately in more detail in 
Chapter 7. 

Closer to the poleward end of plant growth 
it becomes increasingly difficult to distinguish 
between “arctic” and “arctic-alpine”. Ultimately, 
the two life zones merge. At these high latitudes, a 
meaningful distinction needs to account less for 
altitude than for relief. The steeper the slopes, the 
more topographically structured the terrain, the 
more abundant are the typical mosaics of alpine 
microhabitats with all their biological richness 
(Korner 1995a). Even within the arctic tundra 
region, rocky outcrops, south-facing slopes or 
mounts such as the so-called pingos, bear vegeta- 
tion which (as rated by physiognomy, taxonomy 
and habitat conditions) has more in common with 
alpine than flat tundra vegetation (Walker 1995). 
In contrast, some high altitude “arctic-alpine” 
plateaus with extensive peat land may better fit the 
tundra concept, despite their more southerly posi- 
tion. Further south, the alpine zone becomes more 
distinctively different from the arctic, which is why 
the term “tundra” is best avoided when talking 



about alpine vegetation (see discussion and refer- 
ences in Love 1970, Billings 1973, 1988, Korner 
1995a). 

The highly fragmented plant cover above the 
belt of closed alpine vegetation, (including the 
summit region with only isolated plant occur- 
rence) is termed “subnival” or “nival” (i.e. vegeta- 
tion just below or above the permanent snowline, 
Schroter 1926, Reisigl and Pitschmann 1958, 
Landolt 1983, Ozenda 1988). This zonal distinction 
remained largely confined to the central European 
literature, perhaps (as Reisigl and Pitschmann, 
1958 pointed out), because the so-called snowline 
is not visible in the landscape, and relief driven 
mosaics of both closed alpine mats and open scree 
or rock field vegetation make an altitudinal sepa- 
ration difficult. In the global survey attempted 
here, the term “alpine” does also include these 
highest ranging outposts of higher plant life. 

What are the upper altitudinal limits of higher 
plant life? Various altitude records have been 
traded over the years (Webster 1961, Grabherr et 
al. 1995). The current record is held by Saussurea 
gnaphalodes which was found by E Ship ton in 1938 
on a scree slope at 6400 m altitude on the north 
flank of Mt. Everest in the central Himalayas, 
i.e. at subtropical latitudes (Miehe 1991; General 
Herbarium, British Museum, London). This 
species is a perennial herbaceous rosette plant of 
very compact growth habit, covered by a thick felt 
of white hairs, and it belongs to the family Aster- 
aceae. The genus is widespread at high altitude in 
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Table 2.1. Altitudinal limits of higher 
plants (after a list compiled by Grab- 
herr et al. 1995) 





Individuals 


Communities 


Closed vegetation 


Tropical mountains 
(maximum height) 
Mt. Kenya (5190 m) 


5190 




4400 


Kilimanjaro (5896 m) 


5760 


5700 


4300 


Ruwenzori (5119 m) 


5119 


- 


4500 


Chimborazzo (6310 m) 


5100 


- 


4600 


Subtropical mountains 


Himalayas (8846 m) 


6400 


5960 


5500 


Andes (in this part, 7084 m) 


5800 


- 


4600 


Temperate zone mountains 


Alps (4607 m) 


4450 


3970 


3480 



the Himalayas and does also occur in northern 
temperate and subarctic mountains. Several 
other spot-findings of higher plants between 5800 
and 6200 m in the Andes and Himalayas have 
been reported (Table 2.1). Genera found above 
6000 m are Arenaria, Stellaria and Ermania (all 
Caryophyllaceae) . 

As will be pointed out in Chapter 4, altitude per 
se becomes a doubtful criterion for estimating 
conditions for life in high mountains, because the 
microenvironment can overrule the macroclimate 
during sunshine hours. It is likely that these iso- 
lated plant individuals inhabit microhabitats 
whose thermal regime is similar to the more com- 
mon situation at more than 1000 m lower alpine 
altitudes. However, these plants live with only 
about half the C02-partial pressure measured at 
sea level (an aspect discussed later in Chaps. 3 and 
11) and are certainly exposed to extremely low 
night temperatures and frozen soil for most of the 
year (Rawat and Pangtey 1987). It is unlikely that 
they reproduce at these extreme altitudes, but 
recruit from diaspores brought in from somewhat 
lower altitudes. Patches of plant communities have 
been recorded at altitudes as high as 5700-6000 m 
(East Africa, Himalayas), and the upper limits for 
closed swards of vegetation in these mountains 
is somewhere between 4600 and 5500 m altitude 
(Miehe 1991). 



According to Anchisi (1985) the altitude record 
for the Alps appears to be held by Saxifraga biflora 
at Dom du Mischabel in the Swiss Alps of 
canton Valaise at 4450m (47°N lat.). Several other 
members of the genus Saxifraga and species of 
Androsace (Primulaceae), Gentianay Achillea and 
Ranunculus have been reported for Finsterahorn, 
4270 m, in the same part of the western Alps 
(Werner 1988). Again, the limit for communities 
and closed vegetation are much lower. According 
to the data compiled by Grabherr et al (1995) 
micro-communities have been found in the 
central Alps (where the treeline is between 2100 
and 2300 m) at altitudes between 3800 and 4000 m, 
and closed swards of higher plants can be found 
up to 3500 m. At 40°N lat. in the Sierra Nevada of 
California, lush plant communities can be found at 
summits close to 4000 m altitude (e.g. on Mt. Dana, 
in the Tioga Pass area). 

The altitudinal ranges of lichens and mosses 
exceed those of higher plants. These ‘Tower plants” 
which tolerate complete desiccation are found at 
the highest mountain peaks, for instance at the 
summit of Kilimanjaro, 5900 m (Beck 1988), the 
high Andes, 6700 m (Halloy 1991) and the absolute 
record again comes from the Himalayas for lichens 
at 7400m (Kunvar, cited in Miehe 1989). At least 
50 species of lichens have been reported by 
Gams (1963) to occur at altitudes above 4000 m in 
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the Alps. Snow algae are reported between 5100- 
5700 m on Langtang, Nepal (Yoshimura and 
Koshima 1997). Small animals (e.g. a Salticidae 
spider) have been found living above the limits of 
higher plants, depending on a food web based on 
wind blown debris (Swan 1992). Bacteria have no 
altitudinal limits as long they find some organic 
dust and short spells with liquid water and a 
number of taxa were isolated from substrate col- 
lected at 8400 m altitude on Mt. Everest, not 
including any cyanobacteria but a curious 
member of the Actinomycetales called Geoder- 
matophila obscurus ssp. everestii (Swan 1992). 
Swan thinks that this locality is the environment 
on Earth most comparable with that of Mars. 

Global alpine land area 

Alpine vegetation, as defined above, represents the 
only biogeographic unit on land with a global dis- 
tribution. Depending on altitude, it can be found 
at all latitudes (Figure 2.1.). This remarkable fact 
was first documented by Alexander von Humbolt 
(cf. Troll 1961), who pioneered the concept of com- 
parative mountain ecology. 

The global land area covered by alpine vegeta- 
tion is fragmented into many mountain regions 
(Figure 2.2). A geographical data base for alpine 
vegetation does not exist. Rather, this type of land 
cover is amalgamated with arctic tundra or is 
treated as mountain pasture (where cattle grazing 
is still possible) or as non-vegetated bare land. The 
more open higher altitude vegetation usually falls 
in the same category as rocks and glaciers {sensu 
useless, i.e. “unproductive”). An assessment of 
the discrepancy between actual plant cover and 
official statistics for the central Alps (K5rner 
1989a) revealed that 50% of the land officially 
rated as bare and useless bears some of the bio- 
logically richest alpine ecosystems. Based on this 
analysis for the Alps, approximately 30% of the 
area of alpine life zone falls in the “bare of any veg- 
etation” category of landscape inventories. This 
30% estimate does not account for some isolated 
plants and cryptogams. 



How large is the alpine area of the globe? Tak- 
ing the altitudinal ranges of the alpine life zone 
from published records (Hermes 1955, Troll 1973, 
Wardle 1974; see also chapter 7 and the more 
detailed analysis presented in Figure 7.1) and per- 
sonal observations from many parts of the world, 
and combining these with a global geographic 
information system (thanks to W Cramer, 
Potsdam for his help) yields the approximate 
aerial extent of the alpine life zone (Figure 2.3). 
Alternatively, using the “tundra” notation in cur- 
rently available digital land cover maps (in which 
“alpine” is often incorrectly nested) and discrimi- 
nating altitudinal ranges that fall below treeline 
according to Figure 2.3, resulted in completely 
unrealistic estimates of the aerial extent and 
regional distribution of true alpine vegetation. 

The total area of the alpine life zone (Figure 
2.3.) overestimates the vegetated alpine area, 
because bare land surfaces are included, altitudi- 
nal limits are compressed in oceanic areas com- 
pared with latitude specific global means, and 
because the depression of altitudinal limits near 
the equator compared with the subtropics (Halloy 
1989) is not accounted for. Another uncertainty 
comes from vast mountain ranges with so-called 
mountain-tundra in eastern Siberia, the ranking of 
which as alpine or arctic is subjective (50% includ- 
ed here). With these caveats, and the fraction of 
land surface completely bare of any vegetation in 
the alpine life zone of the Alps (30% of total alpine 
area) applied globally, the total vegetated alpine 
area of the earth amounts to ca. 4 million km^ or 
nearly 3% of the terrestrial surface. 

Although this area appears relatively small, it is 
inhabited by roughly 10000 species of higher 
plants (see below). Due to their remote position, 
many of these high altitude ecosystems have 
retained a relatively natural vegetation, and thus 
represent some of the last wilderness reserves 
in highly populated parts of the world. Alpine 
ecosystems also strongly influence life (including 
human) down-slope. About 10% of the world’s 
population live in mountain regions, and more 
than 40% depend in some way on mountain 
resources, in particular on drinking and irrigation 




Alpine plant diversity 13 




Fig. 2.2. The global distribution of the alpine life zone. Nearly 3% of the terrestrial land area is covered by true alpine 
vegetation, which includes approximately 10000 species or 4% of all known higher plant species. (Korner 1995a) 



water yielded by high altitude catchments 
(Messerli 1983; Chap. 17). 

Alpine plant diversity 

The alpine floras of the world are nested within a 
great variety of regional floras, partly explaining 
the great overall species diversity among alpine 
vegetation. Even within a single mountain region 
such as the Caucasus or the Venezuelan Andes, 
plant species diversity in the alpine zone alone 
may approximate that of the whole arctic tundra 
(5% of the global land area and ca. 1500 species). 
Geographic isolation, tectonic uplift, climatic 
changes, glaciation, strong micro habitat differen- 
tiation and a varied history of migration and/or 
evolution lead to a high degree of taxonomic rich- 
ness (Packer 1974; Agakhanyanz and Breckle 1995; 



Korner 1995a). Many alpine regions are biodiver- 
sity hotspots and are inhabited by substantial 
numbers of endemic species. For instance, ca. 830 
species out of 1500 listed by Polunin and Stainton 
(1988) for the western part of the central 
Himalayas alone grow in the alpine zone above 
3900 m. The total alpine flora of the mountains of 
Central Asia may be two to three times as large. 
More than 1000 species are found in the alpine 
zones of the Great Caucasus or the Venezuelan 
paramos (Agakhanyanz and Breckle 1995; 
Vareschi 1970). The European Alps, New Zealand 
Alps and the southern Rocky Mountains region 
have alpine floras of 600-650 truly alpine species 
each (Mark and Adams 1979; Hadley 1987; Ozenda 
1993). 

After checking several floras and trying various 
types of compilation, it appears justified to assume 
a total alpine flora of the world of 8000 to 10000 
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Fig. 2.3. The latitudinal distribution of the alpine life zone. 
The lower diagram illustrates the mean altitudinal limits 
of the alpine life zone, the dashed line on the left accounts 
for the uncertainty between arctic-alpine vegetation versus 
so-called mountain tundra (see the text). The upper diagram 
illustrates the relative contribution of each 10° range in 
latitude to the total global area falling in the alpine life zone 
(as defined by the lower diagram). Note that 82% of the 
alpine life zone is situated in the Northern Hemisphere. 
Arctic and Subantarctic alpine areas represent 23%, cool- 
temperate alpine 32%, warm-temperate to nemoral alpine 
29% and the subtropical and tropical alpine life zone 
together cover 16% of the global alpine land area. (Korner 
1995a) 



species of higher plants. These belong to approxi- 
mately 100 families and about 2000 genera and 
represent ca. 4% of all known higher plant species. 
Hence about one-fourth to one third, depending 
on the family key, of all plant families of higher 
plants have alpine representatives. Some families 
are particularly abundant. Most important are 
Asteraceae and Poaceae, with Brassicaceae, 
Caryophyllaceae, Cyperaceae, Rosaceae and 
Ranunculaceae forming further prominent fami- 
lies. Commonly of poor cover, but regularly found 
across the world, are species of Gentianaceae, 
Apiaceae, Lamiaceae, and, somewhat less regu- 



larly, Primulaceae, Campanulaceae and Polygo- 
naceae. The alpine shrub vegetation is dominated 
by Ericaceae and Asteraceae in most parts of 
the world, but regionally representatives of other 
families, for instance Scrophulariaceae (New 
Zealand), Epacridaceae (Tasmania), Proteaceae 
(Australia) or Hypericaceae (Andes), may become 
important. Families with otherwise prominent 
positions in the list of plant species of the world 
such as Fabaceae and Orchidaceae are strongly 
under-represented. Though present in nearly all 
alpine floras, they are not among the specialists 
of highest altitudes (notable exceptions are Astra- 
galus and Oxytropis species in Central Asia, 
some of which thrive above 5000 m, cf. Miehe 
1991). Typical tropical families such as Arecaceae, 
Araceae, Moraceae and Piperaceae are absent from 
truly alpine floras, but some taxa of families which 
are very prominent in the humid tropics such 
as Rubiaceae and Melastomataceae (e.g. Coprosma 
sp. in the Australian Snowy Mountains and 
Brachyotum sp. in the equatorial Andes) or in 
humid or semiarid subtropics such as Cactaceae 
and Bromeliaceae are present (e.g. Tephrocactus 
sp. in northwest Argentina, Opuntia sp. in Peru and 
Puya sp. in Ecuador). 

As a rule of thumb, regional floras of the alpine 
zone extending over a few to about a hundred km^ 
include in the order of 300 species, and numbers 
do not increase substantially until whole moun- 
tain ranges are considered, and such regional 
floras appear to represent about half of the total 
number of alpine species in the larger mountain 
systems. This is the surprising result of surveys 
in the Alps summarized by Wohlgemuth (1993; 
Figure 2.4). Similar numbers (ca. 200-280 species) 
are reported for several other regional alpine 
floras (Table 2.2). On average, these regional floras 
are composed of about 40 families of higher plant 
species. I list these numbers because they indicate 
the sort of sample size one would have to con- 
sider for taxonomically representative data sets 
of functional attributes of alpine plant species or 
plant families. 

The alpine flora often seems to represent about 
one fifth to one fourth of the total regional flora 
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Table 2.2. The number of higher plant species in various distinct mountain regions 


Region 


No. of species (No. of families) 


References 


Afro-alpine (E Africa) 


278 (39) 


Hedberg (1957) 


Beartooth Plateau (Montana, USA) 


210 (-) 


Johnson and Billings (1962) 


Cumbres Calchaquies (NW Argentina) 


200 (49) 


Halloy (1982) 


Hokkaido alpine zone (Japan) 


225 (42) 


Tatewaki (1968) 


Ruby Range (Colorado, USA) 


220 ^5) 


Hartman and Rottman (1987) 


Scandes (Scandinavia) 


250 (29) 


Nilsson (1986) 


Snowy Mountains (Australia) 


250 (40) 


Costin et al. (1979) 


Teton Range (Wyoming, USA) 


260 (36) 


Spence and Shaw (1981) 


Upper Walker River (California, USA) 


280 (-) 


Lavin (1983) 


Mean 


241 (39) 






Fig. 2.4. Numbers of plant species (higher plants only) per 
inventoried area of regional alpine flora in the Alps. 
(Wohlgemuth 1993) 

including the plains. This is the result of a com- 
parison of ten different Asiatic mountain regions 
(extremes 5-35%, mean 23 ± 9%) reported by 
Agakhanyanz and Breckle (1995), and matches 
fairly well with the situation in the Alps where 
approximately 650 alpine taxa are part of an 
overall flora that includes the immediate fore- 
lands, of ca. 3000 species (i.e. ca. 22%). 

Alpine plant diversity decreases with increasing 
altitude, but, as Grabherr et al. (1995) suggested 
for the eastern central Alps, not gradually, but 



in big steps, with rather stable numbers over 300 
to 400 m of altitude near the treeline, followed by 
a first transition zone over a 200 to 300 m range 
of altitude, a second 300 to 400 m plateau in the 
alpine grassland belt, and a second steep transition 
to the open scree flora of higher elevations. This 
wave-like reduction of species richness reflects the 
zonation of alpine vegetation. The uppermost, 
largest ‘"wave” is illustrated in Figure 2.5 which 
shows the exponential reduction of species 
numbers between 3000 and 4450 m altitude. 
Figures 2.6 and 2.7 show the elevational trends in 
species richness for higher plants and bryophytes 
along a discrete transect in the western Alps. 

Origin of alpine floras 

A large body of literature on the possible his- 
torical origins of today’s alpine taxa contains 
evidence for a mix of ancestral, mostly Tertiary 
elements, immigrants from various source floras 
and new evolutionary lines (e.g. Jerosch 1903; 
Braun-Blanquet 1923; Gams 1933; Merxmiiller 
1952-1954; Troll 1968; Hedberg 1970; Vuilleumier 
1971; Raven 1973; Packer 1974; Billings 1974, 1978, 
1979; Hiibl 1985; Salgado-Labouriau 1986; Van der 
Hammen and Cleef 1986; Dahl 1990; Agakhanyanz 
and Breckle 1995). As mentioned above, geo- 
graphical fragmentation, the speed of tectonic 
uplift and glaciation represent the major selective 
events at a continental scale. 
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Fig. 2.5. The reduction of plant species number with 
altitude in steps of 50 m in the Alps. Note that the treeline is 
at ca. 2000 m and the upper limit of closed vegetation is 
mostly found around 2800 m altitude. (Grabherr et al. 1995) 




Elevational range (m) 

Fig. 2.6. Distribution of the number of species of higher 
plants in altitudinal steps of 100 m along a transect in Belalp, 
Swiss central Alps. Different shades refer to groups of species 
of a common elevational range of distribution (as noted on 
the left). (Theurillat and Schliissel 1996) 
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Fig. 2.7. Number of species of mosses and liverworts in 
altitudinal steps of 100 m along a transect in Belalp, Swiss 
central Alps. (Geissler and Velluti 1996) 



The east-west orientation, greater fragmenta- 
tion and separation from the arctic flora of the 
Eurasian mountain ranges compared to the north- 
south stretching Cordilleras, causes them to show 
greater regional variation and speciation (e.g. 
Gupta 1972). Tectonics, in the case of “block- 
orogenesis” i.e. the simultaneous uplift of large 
mountain “blocks” in contrast to volcanic orogen- 
esis, can indeed induce speciation. Agakhanyanz 
and Breckle (1995) report annual uplifts of the 
Pamir and Caucasus between 7 and 10 mm 
(extremes 20 mm), movements which create new 
(cooler) habitats at rates comparable to the speed 
of evolutionary plant adaptation and species 
formation. 

Glaciation does not remove the entire alpine 
flora of an area, but restricts it to microclima- 
tically favorable high altitude refugia above or 
between the ice stream net. From these refugia 
(“nunatakker”) species re-invade habitats released 
by retreating ice shields (Merxmiiller and Poelt 
1954, Gjaerevoll and Ryvarden 1977, Pignatti and 
Pignatti 1983, Dahl 1987). During the earliest 
post-glacial period, cool low altitude corridors 
for species migration were opened. This is how 
the edelweiss, a member of a central Asian genus 
{Leontop odium) made its way to the Alps, a rather 
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recent addition to the flora. Another example is the 
occurrence of completely disjunct, small patches 
(relicts) of Carlina bibersteinii near the treeline in 
the Alps, with the main area of this species” dis- 
tribution today in Siberia (K5rner and Meusel 
1986). Migration corridors strongly influence 
floristic richness and endemism. In part, the flora 
of Nepal is so rich because it lies midway along a 
several 1000 km bow of mountains which span at 
least 20° of latitude between the east and west ends 
and the most southern middle part. For references 
on the postglacial history of high altitude vegeta- 
tion consult the above references on the origin of 
alpine plants, Lauer (1988) and Flenley (1992) for 
tropical mountains, and Ammann (1995) for tem- 
perate zone mountains. Endemic species, i.e. those 
restricted to a certain mountain region, are usually 
less frequent in the summit floras, but reach great- 
est abundance in the lower alpine zone (mostly 
less than 10% of the alpine flora in Asia; 
Agakhanyanz and Breckle 1995). Extreme high 
altitudes are commonly dominated by otherwise 
widespread species. Long-term isolation of alpine 
floras does not necessarily cause a depauperation 
in species, as is illustrated by the richness of the 
alpine flora of New Zealand compared with the 
species pool in Australia (Table 2.2.) from where 
most of these New Zealand alpines descended 
(Raven 1973). 

In addition to species diversity, a number of 
authors considered within-species genetic diver- 
sity of alpine plants (see review by Packer 1974). 
There appears to be no real consensus about 
altitudinal trends, but it may be concluded that 
genetic diversity is generally high (perhaps except 
for refugia species (cf Dahl 1990), despite a sub- 
stantial fraction of apomictic or clonally expand- 
ing species. For instance Steinger et al. (1996) 
illustrated, by applying modern DNA analysis, 
that the obligatory clonal species Carex curvula in 
late succession alpine turf exhibits a high degree 
of genetic differentiation among intermingling 
clones. Similarly, Bauert (1993) identified (by 
studying isoenzymes) substantial genetic varia- 
tion in populations of the bulbil-forming Polygon- 



um viviparumy also in the Alps. It does not seem 
that the increased polyploidy that was found in 
arctic vegetation is paralleled in the alpine zone. 
Favarger (1961) reports that roughly half of all 
alpine species tested were polyploid, just as many 
as in the adjacent lowland flora. However, Packer 
(1974) refers to some studies where slightly higher 
percentages were documented. 

Despite the sheer overwhelming multitude of 
species and their floristic and evolutionary relat- 
edness, there are some common patterns. Plant life 
forms and morphotypes exhibit striking conver- 
gences throughout the world’s mountains, provid- 
ing a coherent basis for comparative alpine plant 
ecology (Halloy 1990). 

Alpine growth forms 

Growth form is a “plan”, life form is the result of 
the interplay between the plan and the environ- 
ment (Rauh 1978). Life form may differ from 
growth form. The environment can shape the 
growth form tree into the life form shrub. 
However, in most cases this distinction is not 
particularly important for the undisturbed 
native alpine vegetation, were life form and 
realized growth form largely converge. A classic 
example is cushion plants. Alpine cushion 
plants are not shaped by the harsh alpine envi- 
ronment, as is often believed, but are “genetic” 
cushions i.e. they retain this growth form even 
when exposed to a milder climate (Rauh 1940, 
Spomer 1964). In contrast, grazing pressure in 
mediterranean, dry continental or subtropical 
mountains may lead to cushion shaped shrubs 
(or trees) which would immediately “abandon” 
this life form when relieved from their consumers. 

The vegetation found in the alpine life zone is 
composed of ten principal groups of growth 
forms, eight of higher plants, two of cryptogams, 
irrespective of whether individuals perform clonal 
growth (Chap. 16). The first four groups are most 
important (see color Plate 1 at the end of the 
book): 
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• Low Stature or prostrate woody shrubs, 

• Graminoids such as grasses and sedges, mostly 
forming tussocks, 

• Herbaceous perennials, often forming rosettes, 
and 

• Cushion plants of various types. 

Less common or of more regional importance 
are: 

• Giant rosettes mostly in tropical mountains, 

• Geophytes, mainly confined to seasonal moun- 
tains, 

• Succulents, with both stem and leaf succulence, 
and 

• Annuals (sometimes biannuals), which become 
quite rare at high altitudes. 

Cryptogams, i.e. mostly desiccation-tolerant, non- 
flowering plants: 

• Bryophytes (“mosses”), in some areas also ferns 
and lycopodioids, and 

• Lichens (fruticous and crustaceous subsumed). 

These growth forms, in mixtures of varying 
abundance of each, both clonal and non-clonal 
(Chap. 16), and of regionally rather different 
evolutionary (taxonomic) origin, compose the 
“alpine vegetation” (for plausible subdivisions see 
Billings 1988). In addition algae and fungi play an 
important role, but are not considered as “vegeta- 
tion” here. As an example Table 2.3 illustrates 
growth form spectra for the Hindu Kush Moun- 
tains above 4000 m altitude. The dominance of 
perennial herbaceous species, in this case includ- 
ing graminoids, which together represent the 
“hemicryptophyte” category, is obvious and is 
characteristic for all alpine floras. 

A number of alpine plant species are succulents 
and many of them perform, at least temporarily, 
the crassulacean acid metabolism (CAM, common 
in semi- arid lowlands). They inhabit dry niches 
in the alpine zone at all latitudes including the 
subarctic (for example Sempervivum montanum 
found at altitudes up to 3250 m in the Alps, 
Larcher and Wagner 1983; Sedum lanceolatum at 
3730 m in the Rocky Mountains, Jolls and 



Table 2.3. Life form spectfa (relative fraction of total flora, %) 
of alpine species in the Hindu Kush Mts. above 4000 m altitude. 
(Breckle, cited in Agakhanyantz and Breckle 1995) 



Altitude range 


Ph 


Ch 


H 


G 


B 


A 


>5400 m 


_ 


10 


70 


10 


10 


_ 


5200-5400 


- 


16 


74 


5 


5 


- 


5000-5200 


- 


12 


71 


4 


8 


6 


4800-5000 


- 


12 


72 


4 


6 


5 


4500-4800 


2 


12 


69 


7 


4 


7 


4000-4500 


3 


17 


61 


7 


2 


9 



Ph, small phanerophytes (shrubs); Ch, chamaephytes (dwarf 
shrubs, thorny cushions); H, hemicryptophytes (perennial 
herbs and graminoids); G, geophytes (bulb-, rhizome- or 
tuber-geophytes); B, biennial plants (mostly rosette plants); A, 
annuals. Note, sums are not always 100% because of rounding 
errors. 



Bock 1983; Echeveria Columbiana at 4100 m in 
Venezuela, Medina and Delgado 1976; Opuntia 
lagopus at 4500 m in Peru, Troll 1968; see also 
Chap. 11). 

A very characteristic growth form of the tropi- 
cal alpine life zone are the giant rosette of the 
genera Espeletia, Puya, (Andes), Senecio, Lobeliay 
(Africa), Cyathea (a tree-fern. New Guinea), 
Argyroxiphium (Hawaii) and Echium (Tenerife) 
of subtropical mountains. The tropical giant 
rosettes in Africa and South America, reaching 
sizes of more than 3 m, strongly contrast with 
the surrounding low stature grass and shrub 
vegetation and attracted biologists for many 
years (review by Cuatrecasas 1986, Mabberley 
1986, Smith 1994 and other contributions in 
Rundel et al. 1994). Hedberg (1964) concludes 
that giant rosette show very little resemblance 
to a tree, and indeed, the patterns of dry matter 
allocation documented by Monasterio (1986) 
with ca. 26% of total dry matter of life biomass 
in leaves (leaf mass ratio, LMR) places them 
among particularly leafy herbaceous perennials 
(mean LMR 21% compared to > 5% in trees; 
Korner 1994). Giant rosette are not restricted 
to tropical alpine floras, but also occur in 
warm temperate and subtropical semi-deserts 
(species of Yucca, Xanthorrea, Aloe, Dracena, 
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Aeonium), in the lowland and montane humid 
tropics (Arecaceae and Pandanaceae) and in 
temperate climates {Cordyline australis and tree 
ferns). Specimen measuring more than 1.5 m exist 
even on the subantarctic Kerguel islands (“Kerguel 
cabbage”, Pringlea antiscorbutica, Brassicaceae, 
Rauh 1978). One of the most impressive giant 
rosettes, reaching sizes of 3-4 m, is found near 
the treeline in Tasmania (Richea pandanifolia, 
Epacridaceae). 

Annuals commonly do not represent more 
than 2% of the total alpine flora, and become 
increasingly rare with increasing altitude (Billings 
1974, Jackson and Bliss 1982, Agakhanyanz and 
Breckle 1995). On average, two to three species 
reach the open scree zone at high altitudes in 



the temperate zone (often Brassicaceae and 
Caryophyllaceae) . 

For more detailed information on alpine plant 
life forms I refer to works by Troll (1968), Troll and 
Lauer (1978),Hedberg and Hedberg (1979),Kl5tzli 
(1991a) and Smith (1994). Halloy (1990) developed 
a (quite sophisticated) key to the morphologies 
of alpine plants, which proved to be useful for 
cross-continental comparisons. Consequences of 
plant structure for microclimate are a topic of 
Chapter 4. Because of the large physiognomic con- 
vergence of alpine floras, they represent a natural 
worldwide network of comparable low tempera- 
ture vegetation for basic research in functional 
ecology and for monitoring changes of global 
dimensions. 
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Which alpine climate? 

The climate of a steep equator facing slope? The 
climate in a poleward exposed avalanche track? 
The climate of an alpine observatory on a 
windswept ridge? The climate where alpine life 
occurs, e.g. in the surface of a cushion plant ? In 
winter or in summer? Under overcast or clear sky 
conditions? In the tropics or in Alaska? Obviously 
THE alpine climate does not exist and meteorolo- 
gists or biologists, a mountaineerer or a nematode 
in the soil will have different views on the subject, 
and a number of biased assumptions about the 
alpine climate can be found in the literature. Here 
are some classics: 

• “Solar radiation increases with altitude”. If one 
traces this assumption back to the original texts 
such as the one by Sauberer and Dirmhirn 
(1958) one finds with surprise an explicit state- 
ment that this conclusion only holds for stan- 
dardized weather conditions such as a clear sky. 
When full data sets, including all weather condi- 
tions, were considered, most often no such trend 
was found because of altitudinally increasing 
cloudiness (Fig. 3.1). 

• “The alpine life zone is characterized by strong 
winds”. This is a typical temperate zone per- 
spective and wrong in this general form. There 
are strong latitude and exposure effects, with 
some isolated mountains in temperate and polar 
latitudes being truely wind beaten, while some 
of the highest mountains in the world in the sub- 
tropics and tropics and the inner parts of larger 
mountain systems are commonly quite calm 
(Grace 1977, Barry 1981). 



• “Precipitation increases with altitude”. While 
true in some, mainly humid temperate zone 
mountains, this is certainly not true for many 
subtropical and tropical mountains which show 
a mid altitude maximum and reductions at 
higher elevations (Flohn 1974, Lauscher 1976). 

• “The alpine life zone is characterized by short 
growing periods”, clearly, again a view valid for 
extratropical mountains only. If this were a key 
determinant of alpine plant characteristics , we 
should not find such characteristics in tropical 
mountains. For instance, if the general phenom- 
enon of treeline formation were linked to season 
length we should not find upper treelines in the 
rather constant climates of the tropics. 

Common features of alpine climates 

Quantitative descriptions of the specific features 
of the alpine climate date back more than 200 
years (see the impressive account on De Saussure’s 
work by Barry 1978) and a number of reviews on 
mountain climatology are available today (e.g. 
Schimper 1898, Morikhofer 1932, Sauberer and 
Dirmhirn 1958, Ives and Barry 1974, Fliri 1975, 
Troll and Lauer 1978, Franz 1979, Barry 1981, 
Marchand 1991,Rundel 1994). 

To explain plant characteristics in the alpine 
zone we first need to ask: what are the truly 
common attributes of an alpine climate? Answer- 
ing this question is of key importance, because it 
must be these attributes that matter if we want 
to explain those features of plants common to all 
alpine zones of the world, while in contrast, those 
more variable climate elements addressed above 
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Fig. 3.1. While valleys receive full sunshine, mountain tops are often cloud covered, which dampens or may even reverse the 
well known clear sky increase of total solar radiation with elevation (Swiss central Alps, upper Valais) 



Table 3.1. The standard free atmosphere 



Altitude (m) 


Pressure (hPa) 


Mean temperature 
(°C) 


Air density (kgm ^) 


Saturation vapor pressure 
(hPa = mbar) 


0 


1013 


15.0 


1.2250 


17.1 


1000 


899 


8.5 


1.1117 


11.1 


2000 


795 


2.0 


1.0581 


7.1 


3000 


701 


-4.5 


0.9093 


4.1 


4000 


616 


-11.0 


0.8194 


2.4 


5000 


541 


-17.5 


0.7864 


1.3 


6000 


472 


-24.0 


0.6601 


0.7 



Numbers represent a hypothetical state, approximating mean annual conditions at mid-latitudes (Barry 1981). Note that in the 
tropical atmosphere pressure is about 15hPa higher at 3000 m and 20hPa higher at 5000 m as compared to mid-latitudes (i.e. 
equal pressures are found at ca. 200-300 m higher altitudes in the tropics than assumed in this list). 



are likely to be responsible for the differences in 
morphology and physiology which might be 
found among alpine floras. The global variability 
of some and the constancy of other attributes of 
an alpine climate represent a gigantic natural 
experiment, with “differential treatments” im- 
posed for so long that selective processes can be 
expected to have evolved life zone specific biolog- 



ical answers, provided natural vegetation is 
considered. 

Atmospheric pressure declines almost linearly 
with increasing altitude (in the lower few km. 
Table 3.1, Fig. 3.2). For example, at 2600m altitude 
the total pressure is ca. 750 hPa (= mbar) compared 
with 1013 hPa at sea level, i.e. it is 26% lower at the 
higher altitude. At the upper limit of higher plant 
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Fig. 3.2. Atmospheric changes with altitude common to all 
mountains of the world. Pressure (P) decreases with altitude 
and so does mean atmospheric temperature (T). Within the 
growing season, temperatures are similar in the alpine zone 
across latitudes (boundary of shading), whereas atmospheric 
pressure, and therefore the partial pressure of CO 2 (and 
oxygen) in the alpine life zone generally increases with 
latitude, because of latitudinally decreasing elevation of the 
alpine zone. (Korner et al. 1991) 

life (5500 to 6000 m in the Himalayas and Andes) 
plants and animals live at about half the pressure 
found at sea level. The partial pressures of CO 2 and 
oxygen are reduced exactly by the same propor- 
tion, because the atmosphere is well mixed in the 
range of altitudes of interest here, so that the 
mixing ratio of dry gases does not significantly 
change with altitude (e.g. Zumbrunn et al. 1983). 
In other words, the mean CO 2 concentration 
expressed in units like ppm, |iir^ |iiniolmor\ 
jibarbar"^ or PaMPa"^ is always the same, in 1996 
ca. 360 ppm (currently rising by ca. 1.4 ppm a“^.At 
sea level this value corresponds to a partial pres- 
sure of 36 Pa (= 360|Libar). The difference between 
mixing ratios (which do not significantly change 
with altitude in the range of interest here) and 
partial pressures (which do change) often causes 
confusion. The following two examples further 
underline the significance of this distinction for 
high altitude ecology. 

Above, I selected 2600 m as an example because 
at this altitude the reduction of the partial pres- 
sure of CO 2 corresponds approximately to the dif- 
ference in partial pressure of CO 2 at sea level 
between the year 1800 (ca 28.5 Pa) and 1996 (ca. 
36 Pa). This means that plants living at 2600 m 
today experience a partial pressure of CO 2 that 



lowland plants had experienced at the beginning 
of the industrial revolution. Another, more 
extreme example: it is known that plants lived on 
equator facing slopes of mountain peaks 
(“nunatakkers”) which protruded through the ice 
shields during the last ice age when the partial 
pressure of CO 2 was 18-19 Pa at sea level (ca. 20 000 
years before the present, according to ice core 
data). If they lived at that time at the altitudes they 
inhabit today (ca. 5000 m), such plants would have 
had to cope with a partial pressure of CO 2 of ca. 
9-9.5 Pa (or four times less than found at sea 
level today). Would this have been enough for their 
survival? 

Pressure reduction also increases molecular 
diffusivity (less likelyhood of molecular colli- 
sions). De Saussure (1779-1796 in Barry 1978), 
concludes from his experiments on Mt Blanc: 
“other things being equal, a decrease of about one 
third in air density causes more than a doubling of 
the evaporative amount” (not to be referred to 
quantitatively). Of course “other things” are not 
equal as noted already by De Saussure. Tempera- 
ture is much lower at high altitude, which reduces 
the rate of molecular diffusion, and the capacity of 
the air to take up moisture is drastically dimin- 
ished (see Table 3.1 and below) and the effect 
requires absence of any convective transport 
(wind) to become fully expressed, as in the interi- 
or of leaves (Gale 1972), through egg shells (Rahn 
et al. 1977) or in any undisturbed aerodynamic 
boundary layer of an evaporating surface. Thus, it 
depends on the situation as to how much the pres- 
sure reduction will actually stimulate evaporation 
or other gas fluxes. 

The so-called adiabatic lapse rate (i.e. the 
reduction) of atmospheric temperature with alti- 
tude varies between annual means of ca. 0.8 K per 
100 m of altitude in coastal areas or on island 
mountains and ca. 0.4 K per 100 m in more conti- 
nental areas, but extremes of close to 1 and zero, 
and even negative lapse rates under conditions of 
winterly temperature inversions in valleys are 
found during certain periods of the year. During 
the growing season of temperate zone mountains 
the gradient is usually steeper than during winter. 
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Fig. 3.3. The latitudinal variations in diurnal and seasonal 
amplitudes of air temperature at high elevation stations, 
based on data compiled by Lauscher (1966), Rundel (1994) 
and from the Abisko Station in North Sweden. Diurnal 
amplitudes are annual means, seasonal amplitudes are 
calculated from monthly means. L Low humidity (low 
cloudiness), H high humidity (high cloudiness) 
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Fig. 3.4. The seasonal variation of minimum and maximum 
monthly mean air temperatures (amplitude shaded) for two 
high Andean stations of contrasting continentality. El Aquila 
experiences frequent cloudiness, in contrast to dry 
continental Chuquibambilla. Note that regional climate 
effects can surpass latitudinal effects. (Sarmiento 1986) 



A lapse rate of 0.60 per 100 m seems to be the 
best estimate for both the temperate zone summer 
(e.g. the central Alps) and year round in the 
tropics. Annual means for 2400 to 4500 m in New 
Guinea (extremely humid) and 2700 to 4800 m in 
tropical Chile (arid) are almost identical: 0.61 and 
0.60 K per 100 m (data compiled by Korner et al. 
1983; Lauscher 1976/1977). By pooling data from 
various tropical regions Rundel (1994) also arrived 
at a mean of 0.60 K per 100 m. 

The altitudinal lapse rate of temperature 
also undergoes substantial diurnal fluctuations 
because the diurnal amplitude of air temperature 
at low altitude is greater than at high altitude 
(Lauscher 1966, Barry 1981, Fig. 3.3). However, 
diurnal amplitudes in air temperature in tropical 
mountains are not always much greater than in the 
temperate zone, as is often stated ('Vinter and 
summer every day”; Fig. 3.4). This view emerged 



In accordance with the International System of Units '‘K”, the 
“Kelvin”, is used to describe differences of temperature, inde- 
pendently of the practical use of a relative “grade” scale (°C) 
for temperature. 



from experience in relatively dry tropical and sub- 
tropical areas were amplitudes of more than 15 K 
are observed at alpine altitudes (Rundel 1994). In 
humid tropical mountains (and on island vulca- 
noes) the amplitudes differ relatively little from 
those in mountains from higher latitudes. Fur- 
thermore, data from the temperate zone are 
mostly taken from wind-beaten summit stations 
such as Zugspitze in Germany or Sonnblick in 
Austria, whereas those from the tropics are 
commonly from less “ventilated” high valleys 
(Lauscher 1966). Finally, and particularly relevant 
to plant biology, the periods considered for aver- 
aging exert a great influence on such comparisons. 
While mean monthly amplitudes for the free 
atmosphere in temperate zone mountains are 
around 5K at 3000 m throughout the year (Lau- 
scher 1966), amplitudes under mid-growing 
season weather conditions comparable to those 
prevailing in the drier tropics year round (bright 
weather with clear nights) can be quite similar to 
those reported for some tropical mountains. More 
than 15 K amplitudes in temperate zone moun- 
tains can occur, but the frequency of such condi- 
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tions is very much lower, which is, however, of little 
relevance when biologically decisive singularities 
are concerned. Such signals are drowned in means 
which are dominated by the more frequent 
bad weather conditions in many higher latitude 
stations. Of course, the seasonal amplitude of 
monthly mean air temperature increases almost 
linearly with latitude (Fig. 3.3). 

A reduction of atmospheric temperature auto- 
matically reduces the moisture content of vapour 
saturated air (the saturation vapour pressure. 
Table 3.1) and thereby reduces the vapour pressure 
deficit at any given relative humidity. As a conse- 
quence, half of the total atmospheric moisture of 
the earth is contained in the lower 2000 m of the 
atmosphere. Unless transpiring surfaces heat up 
during periods of strong radiation (see Chap. 4) or 
are warmer than the air for other reasons (e.g. 
human skin) the driving forces for evaporation 
of water are reduced at high altitude, dispite 
increased diffusivity. 

A word on relative humidity: this common 
descriptor of air humidity (the ratio of actual to 
saturating vapour pressure of air at a given tem- 
perature times 100) can be particularly misleading 
in high mountains. Based on this measure ‘Tow 
humidity at high altitude”(under certain weather 
conditions or in semi-arid mountains) has often 
been suggested to enhance evaporation. However, 
at low temperatures the saturation vapour pres- 
sure is low (see above) and relative humidity may 
be as low as 10% while the actual vapour pressure 
deficit (i.e. the capacity of air to take up more 
moisture) may be negligable. Vice versa, the 
prevailing “high humidities in high mountains” 
(which meteorological statistics indicate for most 
mountain areas) represent little absolute moisture 
content compared with lower altitudes for the 
same reason. As will be discussed later, the specific 
evaporative demand in the alpine zone can only be 
assessed by accounting for surface heating due to 
solar radiation (see Chap. 4). 

The radiation climate exhibits some features 
common to all mountains (Sauberer and Dirm- 
hirn 1958, Dirmhirn 1964, Barry 1981): areal 
fluxes of solar radiation increase with altitude 
under both a clear sky (reduced atmospheric tur- 
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Fig. 3.5. A global comparison of altitudinal ranges in 
atmospheric turbidity. The dotted boundary illustrates the 
overall trend. (Voiko 1971) 

bidity. Figs. 3.5 and 3.6) and overcast conditions 
(thinner cloud layer) and so do high radiation 
extremes, but also the relative frequency of local 
cloud cover increases with altitude (Fig. 3.6), coun- 
teracting these trends (see below). At any given 
global radiation, the UV fraction is increased at 
high altitude (Caldwell 1968, Caldwell et al. 1989, 
Blumthaler et al. 1993) with gradients, depending 
on region, season and solar angle, ranging from 
almost similar to twice as steep as for global radi- 
ation. The annual or seasonal dose may increase 
less with altitude (or not) when the greater cloudi- 
ness at high elevation is accounted for. Another 
common feature of the radiation climate at high 
altitudes, again a consequence of reduced turbi- 
dity, is the reduced fraction of diffuse radiation 
under clear sky conditions, which enhances the 
contrast between sun exposed and shaded sur- 
faces (Sauberer and Dirmhirn 1958). In contrast, 
thinner cloud layers at high altitude enhance 
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Fig. 3.6. Relative frequency of atmospheric turbidity 
(expressed as the extinction coefficient at 500 nm) for 
different altitudes in the Alps. (Voiko 1971) 

diffuse radiation under overcast conditions. Low 
turbidity also enhances radiative heat losses 
during clear nights which may have a significant 
impact on plants (see Chap. 8). Common to all 
extratropical alpine regions is the strong influ- 
ence of snow on plant available solar radiation, 
either by snow cover (reduction) or by reflection 
(enhancement; see Chap. 6). 

Regional features of alpine climates 

A number of climate characteristics in alpine areas 
reflect regional rather than global patterns, which 
complicates functional explanations of attributes 
of alpine plants. Besides the obvious latitudinal 
differences in seasonality, altitudinal patterns of 
long term integrals of solar radiation, precipita- 
tion and wind vary substantially among different 
mountain systems. For instance, means or sums of 
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Fig. 3.7. Long-term sums of global radiation or, as here, 
numbers of sunshine hours do not follow any uniform 
pattern along altitudinal gradients in the mountain systems 
of the world. They may increase, or decrease with altitude or, 
as exemplified here for the Japanese mountains, decline for 
the first 2 km and then increase, following the patterns of 
cloudiness or fog. (Yoshino 1975) 



radiation may not change with altitude or may 
even decline. The latter is evident for instance for 
the mountains of Scotland (Barry 1981, p. 265), 
mountains in Japan (Fig. 3.7) and most extremely, 
the humid tropical mountains of New Guinea 
(possibly also true for the Ruwenzori Mountains 
in Africa) where the alpine zone receives only one 
third of the radiation measured at low altitude due 
to almost permanent cloud cover (cf. Korner et al. 
1983). 

No significant altitudinal changes in growing 
season means of solar radiation are found in the 
Alps (Tranquillini 1960; Figs. 3.8 and 3.9), the 
Rocky Mts. (Caldwell 1968) and the mountains of 
New Zealand (Table 3.2). Altitudinally increasing 
radiation sums can be found in arid regions. For 
the desert mountains of Chile and northwest 
Argentina (21-22°S) a 6% increase per 1000 m 
in the 2-5 km elevation range is estimated by 
Lauscher (1976/1977). 

It is a common observation, that radiation sums 
do not change as much with latitude as midday 
maxima (related to solar angle) do, because the 
daylength increases with latitude. Comparative 
measurements of quantum flux density (QFD) in 
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Fig. 3.8. Solar radiation in the Swiss Alps for 37 stations 
between 273 and 3580 m altitude (47°N), possibly the 
densest network of stations measuring solar radiation in a 
mountainous region (Swiss “A-net”). Only stations close to 
or within the Alps, but from both the northern and southern 
ranges, and from the center were used. Left Annual means; 
right July means (calculated from daily sums for the 10-year 
period between 1983 and 1992, the shaded area indicates the 
range for ca. 90% of the data). Note the absence of an 
altitudinal trend in July, but a 10% increase per 1000 m in 
annual means, because of more frequent fog and greater 
screening of the horizon by mountains at low altitude during 
winter. (Meteotest 1995) 



the photosyntheticly active part of the spectrum 
(400-700 nm) over the whole alpine growing 
season indicate only small differences in QFD 
sums between the Alps and an arctic-alpine site at 
the Scandinavian polar circle (Frock and Korner 
1996): 14h day length (only hours with QFD > 30) 
with a mean of 750|dmolm"^s~^ in the Alps 
versus a > 21h day length with a mean of 
415|imolm"^s“^ The greater number of hours ith 
weak light in the north partly outweighs greater 
intensities in the south. There is little difference 
with respect to sums of QFD measured at 4000 to 
4600 m in the equatorial Andes (which are much 
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Fig. 3.9. Frequency distribution of quantum flux density 
(QFD, 400-700 nm, only hours with QFD > 30) at 2600 and 
600 m altitude in the Austrian central Alps near Innsbruck 
for the main part of the growing season at each altitude, i.e. 
April to mid- June at low and mid- June to August at high 
altitude. Both the frequency distribution and the sums of 
QFD (not shown) are similar, but higher maxima of QFD 
occur at high altitude. (Korner and Diemer 1987) 
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Fig. 3.10. The frequency distribution of quantum flux 
density (400-700 nm) at biologically comparable altitudes in 
the Ecuadorian Andes (0° latitude) and the central Alps 
(47°N): pooled data for 5 months of measurements on 
Guagua Pichincha (4600 m) and Paramo de la Virgen 
(4000 m) and growing season data (mid June to end of 
August) for the Central Alps, Mt. Glungezer 2600 m. (Diemer 
1996) 



drier, and thus less cloudy than humid tropical 
mountains) and at a biologically comparable 
altitude in the European central Alps (2600 m, Fig. 
3.10). 







3 Alpine climate 



Table 3.2. Summary of daily means of 
global radiation at lowland and alpine 
altitudes for the summer period in New 
Zealand (December-February, 43°S) 
and the Alps (June-August, 47°N). 
Compiled from different sources by 
Korner et al. 1986) 



Site 


Altitude 

(m) 


Daily mean global 
radiation (MJm“M"0 


Observation period 


Invercargill 


0 


20.1 


1977-1980 


Christchurch 


30 


22.0 


1977-1980 


Mount John 


1027 


23.1 


1977-1980 


Old Man Range 


1220 


21.5 


1976-1977 


Craigieburn Range 


1550 


20.7 


1969-1974 


Central Alps (Tirol) 


2000 


20.0 


long term 



Note: treeline is situated at 1200 m in this part of New Zealand and at 2000 m in the 
central Alps of Tirol. 



While integrated values of solar radiation 
are important for photosynthetic CO 2 fixation, 
maximum values or higher intensities in shorter 
wavelengths may have substantial influence on 
morphogenesis and many other life processes. 
Under certain sky conditions the solar radiation 
received by alpine vegetation may exceed the 
“solar constant”, i.e. the intensity measured in the 
direction of the sun, outside the atmosphere (ca. 
1360Wm"^ Barry 1981). This can happen when a 
thin layer of clouds (strato-cirrus) leaves a gap in 
the direction of midday sun (Fig. 3.1 1). In this case, 
a plane surface receives the direct solar radiation 
of e.g. 1000 Wm“^ or a QFD of ca. 2000|Limole 
quanta m"^s"^ plus the intense diffuse radiation 
from the thin clouds surrounding the gap, e.g. 
500 Wm“^ or 1000|lmolm"^s"^ summing up to 
1500Wm“^ or 3000|Limolm~^s“^ values actually 
measured by the author in midsummer at 2600 m 
altitude near Innsbruck. Turner (1958a) measured 
18% more than maximum clear sky radiation 
under such conditions near the treeline. 
Reflections from surrounding snow may further 
enhance the radiative load in certain areas. Alpine 
plants have to cope with such short term extremes, 
unlikely to occur at lower altitudes. 

Similar to the situation with solar radiation 
sums, there is also no general pattern for changes 
in precipitation sums with altitude. The most 
common observation at lower altitudes is an 
elevational increase. In most areas of the tempe- 
rate zone, such as in the Scottish mountains, the 
Alps, but also in the high mountains of central 



Asia, Japan, New Zealand and Australia, this trend 
continues to the highest altitudes (Flohn 1974). 
However, in many subtropical and tropical moun- 
tains, precipitation tends to decrease above a mid- 
altitude maximum (Lauscher 1976, Rundel 1994). 
Intuitively one would expect the reduced atmos- 
pheric carrying capacity for moisture at high 
altitudes (see above) also to reduce precipitation 
as it does in many tropical mountains. Flohn 
explains this latitudinal difference by the overrid- 




Fig. 3.11. Leaves and flowers of alpine plants may receive 
short term extremes of solar radiation exceeding the 
extra-terrestrial solar constant when direct beam and high 
intensity diffuse radiation overlap as it happens when the 
sun shines through a gap in a thin cloud layer. (Unpublished 
measurements in the Alps by the author). Adjacent, reflecting 
snow banks may further enhance the radiation 
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ing advective moisture deposition in the windier 
high latitudes compared with the more pro- 
nounced local convective moisture transport in 
equatorial latitudes. However all sorts of excep- 
tions may be found (see Lauscher’s 1976 review). 
The tropical cordilliera of New Guinea is soaked in 
moisture brought in by the trade winds up to the 
highest peaks (see references in K5rner et al. 
1983). Some peaks in the Andes in northwest 
Argentina receive significant moisture only above 
4500 m. Except for truly arid mountains, these dif- 
ferences are of relatively little relevance for plant 
water supply (in the strict sense), since the most 
common situation in the alpine zone is an over- 
abundance of moisture as rated by evaporative 
demand even in subtropical mountains with as 
little as 300 mm of annual precipitation (see Chap. 
9). Consequences of snow pack, snow duration, 
influences on the nutrient cycle (which is severely 
impaired by low top soil moisture) and radiation 
deficits due to clouds or fog appear to be the bio- 
logically more significant effects of these different 
precipitation patterns. 

With respect to the wind climate, the reader is 
referred to the extensive treatments of the subject 
by Grace (1977) and Barry (1981). The latter pub- 



lication in particular makes it quite clear that the 
general notion of high mountain environments 
being particularly windy does not match the data. 
As Barry states ‘The most important characteris- 
tics of wind velocity over mountains are related to 
their topographic, rather than their altitudinal 
effects”. Of course, wind speeds up to 200 km h"^ 
are measured at some mountain stations on 
isolated peaks, and plants living on exposed ridges 
in certain mountain regions are facing severe 
mechanical wind stress, just as many coastal 
plants do. However, the friction caused by moun- 
tain topography affects the flow of air masses, 
causing the climate within mountainous areas to 
be less windy than in the plains (data compiled for 
the Alps by Fliri 1975; examples for the Andes in 
Lauscher 1976/1977), and at smaller scales the 
relief creates additional shelter for most of the 
alpine vegetation. Whoever has visited the vast 
alpine areas in the mainland tropics and sub- 
tropics will have noticed the relatively calm situa- 
tion. Mountain islands in the Roareing Forties are 
not representative for the majority of alpine land 
area, but they exemplify an interesting extreme 
situation that adds to the multitude of “alpine 
climates” in the world. 



Table 3.3. Comparison of climatic conditions in arctic-, temperate- and tropical- alpine areas that support similar short stature 
alpine vegetation. Data compiled from various sources by Korner and Larcher (1988) 



Area"" 


arctic 






temperate 


tropical 




A 


oceanic 


semioceanic continental 


humid 


mesic-dry 






B 


C 


D 


E 


F 


Latitude 


71°N 


44°N 


47°N 


40°N 


075°S 


8°N/10°S 


Elevation (m) 


5 


1600 


2600 


3500 


4400 


4100 


Elevation of upper forest line (m) (4100) 


- 


1200 


2000 


3400 


3500 


3200 


Mean length of growing season (days) 


70 


70-100 


70-80 


80 


365 


365 


Mean daily global radiation in July (A,B,C,D) 


18.1 


ca.20 


20.0 


20.2 


ca. 15 


ca.21.5 


and total year (E,F) (10^ Jm^ 














Growing season photoperiod (hd"0 


24 


16 


15.5 


15 


ca. 12 


ca. 12 


Mean air temperature in the warmest month (°C) 


+4 


+4 


-h5 


+8.5 


+3 


+3/+4 


Mean soil temperature in the warmest month 


-1-2.4 


+8/+10 


-h7 


+13 


ca. +5 


ca. +5 



(°C; 10-25 cm depth) 



^ A, Alaska (Barrow); B, Southern Alps of New Zealand; C, Austrian Central Alps; D, Rocky Mountains (Niwot Ridge); E, Mt. 
Wilhelm, Papua New Guinea or Izombamba (3050 m, radiation only), Ecuador; F, Andes in Peru and Venezuela. 
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3 Alpine climate 



Other aspects of the alpine climate, particularly 
those relating to snow distribution, biologically 
effective temperature, radiative cooling or heating 
and evaporative forcing need to be discussed in a 
microclimatological context (Chaps. 4, 6, 7 and 9), 
because the atmospheric conditions measured 
above the vegetation in the alpine zone most often 
have little in common with those at vegetation 
level. 

In summary, the alpine (macro-) climate above 
the vegetation shows a number of common, but 
also a number of different features across the 
globe. The most important common components 
are reduced pressure and reduced atmospheric 



temperature with the associated reduction of 
vapour pressure deficits. High maximum solar 
radiation and a greater short wave contribution, 
but otherwise rather similar radiation doses 
across altitudes and latitudes (with a few excep- 
tions) are another common characteristic. In a 
global perspective, neither precipitation nor wind 
exhibt altitudinal patterns which can be called as 
typically alpine. Table 3.3 summarizes approxi- 
mate values for some key atmospheric variables 
together with soil temperature data (which lead 
to the next chapter) obtained from altitudes 
with comparable alpine vegtation for the major 
climatic zones. 




4 The climate plants experience 



Walking across an alpine fell field on a bright day, 
the mountaineer my find it still chilly and windy, 
and ‘"dry” air may desiccate the skin. A nearby 
meteorological station with all its weather masts 
confirms: +4°C air temperature, 5ms"^ wind 
speed, 40% relative humidity. While our moun- 
taineer experiences the harsh life in the moun- 
tains, the world looks different for those who stay 
close to ground. Micrometeorological research in 
alpine vegetation has shown that, under the con- 
ditions described above, the climate within a 
compact leaf canopy 1-2 cm above the ground, for 
instance among cushion plants, may be +27 °C, 
98% relative humidity and no convective air move- 
ment - life in a humid tropical forest? Seed beds 
of alpine plants on dark humic soils exposed to 
full sunlight have been shown to heat up to tem- 
peratures of around 80 °C (Alps of Tirol, Turner 
1958b; Australian Snowy Mountains, Korner and 
Cochrane 1983). Such temperatures are sterilizing 
the topsoil - life in hot deserts? How cold is the 
cold climate of alpine plants? 

It all depends on three components: 

• Solar radiation 

• Slope and exposure 

• Plant stature 

Additional components which modulate the 
interplay of the three main drivers are wind velo- 
city, ambient air temperature above the vegetation 
and soil properties such as surface structure, 
moisture and thermal conductivity. 

Solar radiation in the alpine zone, as discussed 
above, is stronger both under clear and overcast 
conditions, but the greater abundance of overcast 
conditions may cut the overall dose substantially 



(Chap. 3). The above examples of ground warming 
are for a clear sky. Solar radiation of less than 20% 
of full midday intensity, such as under moderately 
thick clouds, has only a small heating effect and 
below 10%, the radiant warming effect vanishes 
(the situation under dense clouds or during early 
morning and evening hours). Almost no links exist 
between air temperature and temperature below 
snow. During clear nights, plant surfaces may cool 
several K below the air temperature due to radia- 
tive heat loss. The spectrum ranges from extreme- 
ly positive to substantially negative deviations in 
vegetation temperature from ‘‘met-station” tem- 
perature. However, a large, often overlooked, frac- 
tion of alpine plant life occurs at temperatures 
almost identical to air temperature, the periods of 
rain, fog, dense cloud cover and all overcast nights. 
Hence, besides weather, the differences between 
the temperatures which plants experience and air 
temperature depend on the time of year, time of 
day, type of plant organ and the particular plant 
function considered. 

Interactions of relief, wind and sun 

Though trivial, one of the key elements of alpine 
plant life are slopes which can cause, anywhere in 
the world, equatorial solar incidence angles or per- 
manent shade, with all possible intermediate sun- 
surface angles and their seasonal and diurnal 
variation (Fig. 4.1). Direction of exposure adds to 
the multitude of possibilities and may enhance 
diurnal patterns (for extensive reviews see Geiger 
1965 and Barry 1981). However, sun is not the only 
vector interacting with slope or exposure. Wind 
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Fig. 4.1. Above the treeline relief, i.e. solpe and exposure, become major determinants of the climatic conditions experienced 
by plants 



and gravity are the two other ones. While effects 
of gravity are more important for soil processes, 
wind - in interaction with the relief - influences 
the microclimate directly by affecting the aerody- 
namic boundary layer, and thus affecting con- 
vective heat loss, evaporative cooling and the 
distribution of precipitation, snow in particular. 
Of course, these topographic effects are not 
restricted to high mountains, but their influence 
is more pronounced because slopes tend to be 
steeper, climatic vectors are stronger, and, most 
importantly, because plant life becomes more 
dependent on decoupling from a “hostile” atmos- 
phere the higher the altitude. In the following I 
will briefly discuss two topographic effects: (1) 
the direct influence of exposure on microclimate 
during the growing season and (2) the more 
complex indirect effects of relief on the combina- 
tion of snow distribution and slope specific inter- 
ception of radiation. 

All relevant texts stress the importance of 
slope exposure for microclimate (e.g. Geiger 1965; 
Isard 1986), but data for truly alpine situations are 



not very abundant. This situation may change 
with the wider use of the new generation of 
micro-dataloggers (Fig. 4.3). When this text was 
written I had knowledge of only one published 
data set of full season plant-temperature measure- 
ments in the alpine zone, collected from the same 
altitude but at steep slopes of contrasting ori- 
entation, the work by Moser et al. (1977) discussed 
below. The data by Bliss (1956) in the Medicine 
Bow Mountains include slope exposure as a 
variable, but these were rather gentle slopes, 
which exerted no pronounced climatological 
differentiation. However, Bliss’s data revealed a 
rather important interaction between exposure 
and local weather. His north-facing slope had 
slightly warmer rather than cooler ground tem- 
peratures than the south-facing slope. This 
unexpected phenomenon resulted from common 
bright mornings and cloudy afternoons, as 
observed in many mountains, which caused the 
north slope to profit from very early sun, whereas 
the south slope had little advantage from after- 
noon insolation. 
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Moser’s data, collected at 3184m altitude in the 
Alps, represent a situation near the upper limit of 
plant life (mean air temperature, measured at 2 m 
above the surface during the warmest month of 
the investigation was 0.2 °C). It is important that 
Moser measured temperatures on leaves of the 
same plant species {Ranunculus glacialis), but at 
contrasting slope directions. Leaf temperatures 
during the growing seasons between 1968 and 
1972 varied between the absolute extremes of -12 
and +44 °C. Rather complete data sets for south 
slope, north slope and ridge for the three warmest 
months of 1968 (Table 4.1) indicate that south 
slope and ridge plants experienced 60% more 
hours in the 0 to 15°C range than the north slope 
plants, which in turn experienced 75% more hours 
in the -5 to 0 °C range. While about 3% of all hours 
at the ridge and south slope fell in the 15-30 °C 
range (even 0.5% of all hours >30 °C), such tem- 
peratures never occurred at the north slope. The 
-6°C temperature, which is critical for freezing 
damage in summer-active leaves (see Chap. 8), was 
measured repeatedly on the north slope and on the 
ridge (radiation freezing) but never occurred on 
the south slope. It needs to be mentioned that the 
“ridge” in fact was a narrow rocky plateau with 
plants growing in sandy patches between the 
rocks. The horizontal distance between the plants 
studied on the north and south slopes was 10 to 
15m. 

Clear summer days are quite rare in the Alps 
and even rarer on high peaks such as Hoher 
Nebelkogel. Since temperatures are very low dur- 
ing the prevailing periods with weak radiation 
(70% of all daylight hours with less than one 
third of clear sky midday radiation) slope effects 
become particularly important during the short 
remaining periods of high radiation. Figure 4.2 
illustrates leaf temperatures of Ranunculus 
glacialis during a bright day in July (the warmest 
month) - the thermal deficit on the north slope is 
obvious. 

The link between slope inclination or slope 
direction and the interception of solar radiation is 
so obvious that topographic maps have been used 
to predict incoming radiation per unit ground area 



Table 4.1. The influence of micro-habitat exposure on leaf 
temperature in Ranunculus glacialis on Hoher Nebelkogel 
(3184 m, Tirolian Alps). Numbers are the relative frequencies 
(%) of hours (100% = ca. 1800h) in each of five temperature 
classes during the summer of 1968 (Moser et al. 1977) 



Leaf temperature 
classes (°C) 


<-5 


-5 toO 


Oto 15 


15 to 30 


>30 


North slope 


3.1 


57.9 


38.5 


0.5 


0 


Ridge 


1.2 


30.4 


63.9 


3.5 


0.5 


South slope 


0 


35.4 


61.5 


2.9 


0 





Daytime 

Fig. 4.2. Leaf temperatures of Ranunculus glacialis at 
microhabitats differing in slope direction during a clear day 
(Hoher Nebelkogel, 3184 m, central Alps, July 12th, 1968). 
(Moser et al. 1977) 



and to draw “radiation maps” (see Gamier and 
Ohmura 1968, for principles; field data sets e.g. 
by Williams et al. 1972, for the peak area of Mt. 
Wilhelm in New Guinea, and Isard 1983, for the 
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Indian Peaks in the Rocky Mts.). With the avail- 
ability of rather precise geographical information 
systems for mountains (Price and Heywood 1994) 
digitized topographic maps can now be converted 
to radiation maps which also allow estimation of 
the distribution of latent and sensible heat flux 
and surface temperatures on slopes. Remote 
sensing in combination with radiative transfer 
models permits mapping of the radiation balance, 
and from that, or directly by scanning thermal 
bands, the topographic effects on surface temper- 
atures on landscape scales can be derived. By using 
data from the Landsat Thematic Mapper, Duguay 



(1994) produced energy balance maps of Niwot 
Ridge in the Rocky Mountains which show strong 
contrasts between north- and south-facing slopes. 
Ground data, such as those shown in Fig. 4.3 
underline the large thermal contrasts plants may 
experience at equal elevation but with different 
exposure. 

The patterns of snow distribution in structured 
alpine terrain are the most visible consequences 
of relief and its interaction with climatic vectors. 
Particularly in spring, snow melt figures on slopes 
document the conservative nature of these pat- 
terns, which have even been given names by local 





Fig. 4.3. The annual course of root zone temperature (10 cm below the surface) at precisely 2500 m altitude, but at sites 
contrasting in slope exposure, i, SW slope with tall alpine grassland; 2, almost horizontal glacier forefield with sparse 
pioneer vegetation; 3, steep N slope with fellfield vegetation. Unpublished data from 1996/1997 near the Furka Pass, Swiss 
Alps, ca. 300 m above the climatic treeline. 
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Fig. 4.4. Snowmelt figures in alpine terrain are spatially 
conservative and determine plant distribution (location as 
Fig. 4.3) 



people (Fig. 4.4). However, while these melting pat- 
terns, particularly in later stages are quite consis- 
tent over the years, winter snow depth is rather 
variable and the timing of melting also changes 
from year to year and also across topographic 
profiles, depending on wind direction during late 
snowfalls. A substantial literature documents the 
fundamental influence of these snow distribu- 
tion patterns on alpine vegetation (for example 
Gjaerevoll 1956; Billings and Bliss 1959; Nageli 
1971; Douglas and Bliss 1977; Helm 1982; Williams 
1987; Ozenda 1988; Barbour et al. 1991; Holtmeier 
and Broil 1992; Kudo and Ito 1992; Komarkova 
1993; Walker et al. 1993; Stanton et al. 1994). One 
of the most detailed analyses is that by Friedel 
(1961). He formulated the law of “constancy of 
spatial patterns despite varying temporal pat- 
terns” (by extending what researchers before him 
have called “the conservative distribution of 
snow”, cf. Gjaerevoll 1956) and certainly pioneered 



this field by his classical mapping and monitoring 
work. It is this sort of research where results may 
have been assumed to be self-evident, but where 
someone finally did the very detailed, cumber- 
some analysis, which has replaced assumption, 
intuitive knowledge or common belief by hard 
rock evidence. Unfortunately the work was not 
published in a prominent place and did not receive 
the attention it deserved. Re-investigating his plots 
in the Otztal valley of Tirol half a century later 
might yield valuable long-term data. 

Friedel (1961) carefully mapped vegetation 
mosaics, snow depth and the spatial dynamics of 
snow melt on strongly structured steep terrain 
covered by various alpine, mainly dwarf shrub, 
associations and found very close correlations 
between vegetation boundaries and contour lines 
of mean dates for snow disappearance (Fig. 4.5). 
The patterns of these contour lines did not change 
over the years, but the dates when they were 
reached did vary. 

A number of conclusions emerged from 
FriedeFs work which apply to plant distribution 
in orographically structured alpine terrain 
in general, and which confirm what earlier 
researchers have intuitively assumed. Friedel 
noted: 

• Boundaries between units of low stature alpine 
vegetation are mostly sharp rather than gradual 
and can be defined with an accuracy better than 
half a meter. 

• When relief comes into play, climatic isoline dis- 
tances become narrower and so do the bound- 
ary lines between different vegetation units. 

• Wind- and relief-controlled snow distribution 
can cause the dates of snow disappearance in 
spring to vary by 4 months, and the inter-annual 
variation of these patterns can be one month. 
Note: Friedel worked at the treeline ecotone with 
a 6 month growing season; much larger or eco- 
logically even more significant temporal varia- 
tions my occur at higher altitudes where Moser 
et al. (1977) found that some plants may miss out 
one or two complete summers due to snow pack. 
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n March 20 
LJ April 5 
B April 24 

■ Mays 
PI June 6 
^ June 24 



C'} Bare ridge top 

□ Alectorietum 

□ Loiseleurietum 

B Vaccinietum uliginosi 

■ Vaccinietum myriilli 

■ Rhododendretum 
ferruginei 



Snowmelt patterns 



Vegetation zones 



Fig. 4.5. Convergence of vegetation mosaics and contour 
lines of snowmelt in spring on steep terrain in the Otztal 
Alps of Tirol. The plant sociological units indicate the 
importance of certain species in each zone. (After Friedel 
1961) 



• Despite some inter-annual fluctuations, the 
overall pattern of snow distribution is “rigidly 
“engraved” into the alpine plant cover (“Darum 
liegt die raumliche Variation des Isolinienfeldes 
als eisernes Gesetz im Gelande eingeschrie- 
ben”). 

• He re-emphasizes that, at high altitudes, the 
spatial variability in life conditions becomes 
more important than the temporal variability 
(the latter being the usual focus of climatology), 
and that 

• elevation per se becomes a less useful predictor 
of life conditions the higher one ascends in the 
mountains. 



The last two and most important statements 
have been made repeatedly over the century before 
Friedel did his careful analysis, and have found 
support in a number of later studies (see the above 
references). They are also fully in line with Moser’s 
data from the upper limit of higher plant life dis- 
cussed earlier. 

Plants exhibit rather specific micro-environ- 
mental requirements that are affected by relief, 
and duration of snow cover is one of the most 
important ones. Some species profit while others 
suffer under late lying snow, and these require- 
ments determine the spatial distribution of 
species, their vigor of growth after snow melt and 
their reproductive behavior (e.g. Billings and Bliss 
1959; Eddelman and Ward 1984; Galen and 
Stanton 1995 and references therein). Some of the 
mechanisms linking snow and plant distribution 
will be discussed in Chapter 5. One micrometeo- 
rological study which directly relates to Friedel’s 
work, because it considers the same type of 
toposequence of ericaceous dwarf shrub commu- 
nities in the lower alpine zone, is the analysis by 
Cernusca (1976) - possibly the most detailed ever 
conducted on alpine plants. 

Cernusca worked along a 70 m catena (at the 
treeline in the central Alps near Innsbruck, 
1950 m) ranging from a Rhododendron ferrug- 
ineum gully, packed by up to 3 m of winter snow, 
to a windswept ridge with prostrate mats of Loise- 
leuria procumbens which rarely see any snow. In 
contrast to Moser’s work, Cernusca measured tem- 
peratures (and other parameters) in very different 
plant canopies (tall versus prostrate) on the same 
slope, but at positions differing in wind exposure. 
Taken together, these two studies from the upper 
and lower ends of the alpine life zone illustrate the 
topography-induced amplitude of deviations of 
plant temperature from air temperature above the 
treeline. 

The data shown in Figure 4.6 (similar to those 
in Fig. 4.3) substantiate the well-known protective 
effect of snow in winter (Sakai and Larcher 1987; 
see Chap. 5). Almost perfectly stable temperatures 
of 0 °C persist over 7 months in the canopy of ever- 
green Rhododendron^ the tallest of all species, and 
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known to be unable to survive without such pro- 
tection (Larcher and Siegwolf 1985). Life at freez- 
ing point persists for 6 months in stands of 
summer-green (and half as tall) Vaccinium 
myrtillus and is reduced to a period of only one 
month at the wind exposed end of the catena, 
where carpets of the evergreen Loiseleuria cover 
the ground. As a consequence of the lack of snow 
cover, and thus full exposure to solar radiation 
during the day and night-time cooling, Loiseleuria 
experiences canopy temperatures between 
January and March of -10 to +30 °C, in harsh 
contrast to 2 m air temperatures which never 
exceeded +6°C during this period. Loiseleuria is 
well adjusted to cope with these life conditions by 
maintaining deep physiological dormancy irre- 
spective of periodic canopy warming (Korner 
1976; Grabherr 1976; Larcher 1977). Clearly, wind 
exposure and relief exert enormous influences on 
conditions for life, answered by nature by stepwise 
replacement of vegetation types, such as the ones 
mapped by Friedel (1961; Fig. 4.5). 

The growing season data in Figure 4.6 contain 
a big surprise: one might have expected for sunny 
weather that topographic shelter from wind favors 
canopy warming, and wind exposure dampens it, 
whereas the opposite was found. Rhododendron 
experiences a much cooler summer than Loise- 
leuria does, even though both grow at similar alti- 
tude and overall slope orientation to the sun 
(mean 2 m air temperature of the warmest month 
7.5 °C). Here relief is no longer able to explain 
microclimate. What these data illustrate is the 
overruling influence of plant stature and canopy 
structure - a topic considered in more detail later 
in this chapter. 

Many other aspects of the alpine climate as 
experienced by plants are driven by relief. 
Mechanical effects of wind on wind edges may 
influence virtually all aspects of plant growth 
(Grace 1977; Bell and Bliss 1979; Biddington 1985). 
The abrasive and shaping effects of wind, as 
described for trees at the treelines of some tem- 
perate zone mountains or on islands are well 
known (Tranquillini 1979; Marchand 1991), but 
plants of lower stature growing on exposed sites 
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Fig. 4.6. Plant canopy temperatures along a profile of 
increasing wind exposure at the central Alp’s treeline in 
Tirol. The site with Rhododendron is sheltered and deeply 
covered by snow in winter. Carpets of Loiseleuria are found 
at the wind - blown end of the transect. Vaccinium stands 
hold an intermediate position. The black area indicates the 
amplitude between daily minimum and maximum 
temperatures, the white strip in the lowest diagram shows 
the amplitude in -10 cm soil temperature. Grey bars mark 
the duration of snow cover. Further details in the text. The 
photograph on top shows the dwarf shrub heath in this area 
in autumn. Note the dark patches of Rhododendron in 
sheltered depressions. (Cernusca 1976) 
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are also affected (Caldwell 1970). The relative posi- 
tion of plants between ridges and valleys exposes 
them to different local wind systems (Franz 1979; 
Barry 1981) which can substantially alter plant 
temperatures. Relief - either directly or via snow 
cover - also strongly affects the soil climate. Soil 
heat flux, root zone temperatures, phenomena like 
frost heaving or needle ice formation, all vary with 
exposure. Finally, meltwater affects local moisture 
and nutrient supply (e.g. Stanton et al. 1994) and 
these influence growth, leaf area index, litter accu- 
mulation, canopy structure and transpiration, 
which in turn feed back on microhabitat climate. 

The small-scale multitude of microclimates and 
“stresses” together with edaphic patterns created 
by relief explain the high biological diversity in the 
alpine life zone (Aulitzky’s 1963 “wind-snow 
ecogram”; Fox 1981; Korner 1995a). It is impossi- 
ble to draw conclusions about life conditions of 
alpine plants from common meteorological 
sources. The reason that Saussurea gnaphalodes is 
able to grow at 6400 m altitude in the Himalayan 
(see Chap. 2) is simply that its microhabitat expo- 



sure (and its stature) create thermal conditions 
that may otherwise be found at 4000 m elevation. 
Meters of altitude have limited ecological meaning 
once steep slopes, solar radiation and wind are 
interacting on low stature alpine vegetation. 

How alpine plants influence 
their climate 

In addition to effects of solar radiation and relief 
discussed above, the third important determinant 
of the climate experienced by alpine plants are 
the plants themselves. Stature, leaf arrangements, 
height above ground, and surface roughness of the 
plant canopy exert strong influences on aerody- 
namic coupling to the free atmosphere (Huber 
1956; Geiger 1965). The data in Figure 4.6 illustrate 
the effect of canopy structure on plant climate. The 
prostrate dwarf shrub, despite its greater wind 
exposure, had the highest leaf temperatures under 
otherwise similar atmospheric temperatures. The 
favorable thermal climate of small or prostrate 
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Fig. 4.7. Temperatures in alpine rosette plants of different stature and from different environments, but all exposed to full 
sunlight (in A and B, minimum temperatures measured early in the morning, numbers on the left). A, B central Alps; 

C Venezuelan Andes. A, from Larcher (1977 and Larcher cited in Franz 1979; B, C, from Larcher 1980) 
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alpine plants under sunny conditions had already 
been noticed by scientists in the last century and 
a vast literature, impossible to be exhaustively pre- 
sented here, has accumulated in the meanwhile 
(for references see Korner and Cochrane 1983; 
Gauslaa 1984 and the most recent account for the 
tropics by Meinzer et al. 1994). Besides heat ac- 
cumulation in the leaf canopy (provided there 
is sufficient radiation energy) alpine plants are 
exposed to extremely steep thermal gradients 
within their plant body. While leaves may heat up 
to 30 °C, roots may still rest on frozen soil layers 
(Billings et al. 1976). Figure 4.7 provides examples 
for temperature profiles in plants of different 
stature from temperate- and tropical-alpine 
habitats. 

Obviously, no uniform plant temperature exists 
under such field conditions, and tissue specific 
thermal adjustments and/or requirements are to 
be expected (see Chap. 11). Plants experimentally 
grown in a climate uniform for all plant parts may, 
in fact, experience a functionally rather unequal 
treatment of above- and belowground organs. The 
natural “climate” of the different parts of an alpine 
plant may differ as much across a 5 cm distance as 
it does in trees between lowlands and treeline, or 
over even greater climatic gradients. Figures 4.8 
and 4.9 illustrate the influence of plant life form 
on leaf temperature. For comparison, in Figure 4.8, 
data for similar life forms but from a low altitude 
are presented as well. 

The more plants attach to the ground, the more 
they decouple their climate from the ambient, 
and the higher the heat accumulation in the leaf 
canopy. Without evaporative cooling (dry moss or 
dry soil surface) temperatures can become lethal 
for active tissue even at high altitudes. Turner 
(1958b) and Korner and Cochrane (1983) report 
soil surface temperatures on bare spots as high as 
80 °C near the alpine treeline. In herbaceous plants 
it makes a big difference whether leaves have peti- 
oles or are sessile, the latter warming up more (Fig. 
4.7). One of the most characteristic growth forms 
in alpine areas, compact cushion plants, are 
known as particularly efficient heat-traps. Their 
dense canopy structure is genetically determined 
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Fig. 4.8. Maximum temperatures on clear days of fully sunlit 
leaves in coexisting plants of contrasting life form or soil 
surfaces in the Australian Snowy Mountains. For comparison 
data for alpine altitudes (upper treeline at Mt.Perisher, 2040 
m) and low altitude (Lake Jinderbyne, 940 m) are presented. 
Note the convergence of temperatures between altitudes 
(difference alpine-lowland) with decreasing plant size and 
the effect of soil darkness. 1 Eucalyptus tree, 2 shrub 50 cm, 3 
dwarf shrub 5 cm, 4 and 5 rosettes of leaves with or without 
petioles, 6 tussock grass, 7 dry moss cushion, 8 dry grey 
sand, 9 dry dark humus surface. (Korner and Cochrane 
1983) 

and not simply a phenotypic response to the envi- 
ronment (Rauh 1939, 1940). By means of a hand 
held infrared thermometer, the diurnal course of 
the surface temperature of a dome-shaped speci- 
men of Silene acauliSy one of the most widespread 
alpine cushion plant species in the Northern 
Hemisphere, was documented throughout a bright 
day for distinct positions on the cushion (Fig. 
4.10). Temperatures regularly deviated from the 
air temperature by 15 K. Gauslaa (1984) reports a 
maximum leaf/air temperature gradient of 24.5 K 
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Fig. 4.9. Plant temperature as modified by plant life form at 
3800 m altitude in the Rocky Mountains of Colorado. 
(Salisbury and Spomer 1964) 



for Silene acaulis cushions in central Norway 
(45.5 °C at an air temperature of 21 °C). He sug- 
gested in accordance with Dahl (1951) that such 
prostrate plants are unable to survive at lower alti- 
tudes, because of these pronounced decoupling 
effects from atmospheric temperature conditions. 

However, all these data are for bright sunshine 
and the warmest period of the year in the tempe- 
rate zone, and thus are exaggerations of much less 
spectacular trends during most of the remaining 
periods of plant life at such altitudes. The possible 
benefits of such high temperatures under sunny 
conditions are questionable. For plant gas ex- 
change such extreme canopy temperatures are 
more likely to have a negative effect because they 
stimulate respiratory losses more than photosyn- 
thetic gains, particularly if they occur during the 
dormant season. Even heat damage in such pros- 





Fig. 4.10. The diurnal variation in surface temperature of a 
dome shaped specimen of the alpine cushion plant Silene 
acaulis ssp. exscapa (above)y measured on a bright day at 
2300 m altitude in the Alps. Letters mark the geographic 
orientation of measurement points. Note the large (shaded) 
differences between cushion (center- top) and air 
temperature. (Korner and DeMoraes 1979) 



trate alpine plants is a realistic possibility (Larcher 
and Wagner 1976; Gauslaa 1984; see Chap. 8). 
Hence, benefits other than canopy warming in 
bright weather need to be considered when 
explaining the high abundance of compact life 
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forms in the alpine zone - perhaps the following 
three advantages are most important: 

• During periods of overcast conditions, when 
photosynthesis is co-limited by low temperature, 
slightly warmer temperatures of only 2 or 3K 
above air temperature may improve the carbon 
balance significantly. 

• There may be benefits of stored heat for growth 
and development, particularly for reproductive 
processes which are much more dependent on 
warmer temperatures than carbon fixation is. 

• The benefits of such compact growth forms may 
be unrelated to thermal effects, but have to do 
with plant nutrition, with periodic canopy 
overheating becoming a negative side effect. 
Compact cushion plants become more abundant 
the more windy an environment is, and reach 
their greatest abundance on islands of the cool 
temperate and Antarctic zone. Long-lived, and 
com monly inhabiting poorly developed soils, 
nutrient acquisition and nutrient preservation 
become a severe problem, when leaf litter is 
blown off by wind, interrupting the local nutri- 
ent cycle. Hence, the cushion growth form must 
also be seen as an effective litter trap, which 
closes the microhabitat nutrient cycle (Korner 
1993; Chap. 10). 

Possibly all three components co-contribute to 
the advantages of compact life forms in the alpine 
zone. Soil microbes as well as the soil fauna also 
profit from these periodically warm, moist (Rauh 
1939, Kdrner and DeMoraes 1979) and always 
detritus-rich spots in a cold and rocky world 
(Franz 1979; Schinner 1982). 

Tussock grasses are perhaps the most abundant 
life form on stable, less steep terrain at medium 
altitudes within the alpine life zone worldwide. 
Their microclimate is modified in a peculiar way 
through dead leaves. Except for the youngest leaf 
cohorts, a large terminal part of leaves is dead, 
making a rather effective windbreak and causing 
the lower parts of the canopy to warm up. 
Decayed, but still standing leaves further add to a 
calm tussock environment. However, in humid 
mountains, where tussocks are particularly abun- 



dant, their canopies usually warm up much less 
than is the case in more prostrate growth forms, 
as illustrated by Fig. 4.11. Unusually low tempera- 
ture optima for photosynthesis, as were found in 
tall snow- tussocks of New Zealand, fit this picture 
(below 10 °C, Mark 1975). In contrast, cores of tus- 
socks in less humid mountains with sufficiently 
long sunny periods which allow tussock centers to 
dry, as for instance in the afro-alpine Festuca 
pilgeri, have been found to heat up by 15 to 20 K 
above air temperature (Beck 1994). The price to 
be paid by either the compression of leaves to a 
narrow layer as in cushion plants or by clustering 
necromass as in tussocks, is a loss in light capture 
and a low green (!) leaf area index in both life 




Fig. 4.11. The effect of growth form on leaf temperature in 
humid tropical-alpine vegetation at 4420 m altitude on Mt. 
Wilhelm, New Guinea. The prostrate microphyllous dwarf 
shrub Styphelia suaveolens (Epacridaceae) warms up most 
(max. 13 K) under the short peaks of strong radiation, 
whereas the tussocks of Deschampsia klosii (Poaceae) show 
the smallest deviation from air temperature (max. 5K).The 
herbaceous rosettes of Ranunculus saruwagedicus are only 
slightly less efficient traps for thermal energy than the dwarf 
shrub. For Quantum flux density see Fig. 4.10. Note that 
substantial canopy warming persists throughout overcast or 
foggy periods, with low stature plants measuring ca. 6 K 
above air temperature. (Korner et al. 1983) 
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forms. The leaf area index (LAI) of cushion plants 
is around 1 to 2 of leaf area per of ground 
area (Kdrner and DeMoraes 1979), and values 
between 2 and 3 are common in tropical and sub- 
antarctic tussock vegetation (Hnatiuk 1978) and in 
the Alps (Cernusca 1977). In both cases, control 
over nutrient cycling, and perhaps long-term 
space occupancy or freezing and fire resistance 
(Beck 1994) may be equally or more important 
selective drivers for the presence of these life 
forms than canopy warming observed during 
sunny periods. 

Canopy warming in low stature or otherwise 
compact (e.g. giant rosette) alpine plants has dra- 
matic influences on moisture gradients to the 
atmosphere, and thus leaf transpiration and whole 
ecosystem vapor loss (Smith and Geller 1979). Just 
like human skin, warm plant layers may lose as 
much or more moisture at high compared with 
low altitudes, because of the physical conse- 



quences of such temperature gradients, and 
despite low ambient temperatures and almost 
moisture saturated air. Figure 4.12 helps demon- 
strate this phenomenon for a 3300 m altitude 
difference in the tropics. Under full sun, the 
temperature differences between leaves of the 
dominant shrub species and free air at each site 
range from +3.5 K (mostly +1 K) at low altitude to 
+13 K (mostly +10 K) at high altitude. The midday 
vapor pressure deficit (vpd) at low altitude ranges 
from 20 to 25 hPa and never exceeds 1 hPa at the 
high altitude site. At low altitude, the actual leaf to 
air vapor pressure gradient is similar to vpd 
because there is no significant leaf to air temper- 
ature difference for most of the time. At high alti- 
tude canopy temperatures of 15-17°C versus air 
temperatures of 5-7 °C, in almost saturated air, 
represent a vapor pressure gradient of ca. 12hPa 
(a pure consequence of temperature), i.e. half the 
gradient of the hot tropical low altitude site with 
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Fig. 4.12. A comparison of leaf/air temperature differences (shaded areas) in shrubs across a 3300 m altitudinal gradient in 
the humid tropics of New Guinea. Vaccmmm albicans, a 1-2 m shrub near Wau at 1100 m and Styphelia suaveolens a 3-4 cm 
prostrate dwarf shrub at 4420 m near the peak of Mt. Wilhelm. Further explanations in the text. (Korner et al. 1983) 
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midday temperatures of 25-30 °C. Since stomata of 
leaves opened twice as much at high compared 
with low altitudes, the calculated actual water loss 
becomes similar for both sites (Kdrner et al. 1983) 
- a really surprising result in view of the dramatic 
differences in weather experienced by an experi- 
menter. Even greater leaf-air humidity gradients 
can build up in dry tropical mountains (Schulze 
et al 1985). 

Plant morphology also has pronounced effects 
on night-time temperature. Clear skies, particu- 
larly at high altitudes, cause horizontal surfaces to 
lose much more heat by thermal radiation than 
vertical structures. In addition, upright structures 
are usually better coupled to atmospheric tempe- 
rature by enhanced heat convection (Figs. 4.8 and 
4.9). Figure 4.13 shows this phenomenon for a 
plant community at 4510 m altitude in the Ecuado- 
rian Andes. It is important to note that both these 
plant species have their apex 2-3 cm below the 
ground, hence meristem temperatures may not be 
so different. 

In addition to these passive effects of plant 
structure on microclimate, alpine plants may 
actively influence their microclimate by leaf move- 
ments - a phenomenon also well-known from 
hot desert environments. The most prominent 
example is the night-time closure of giant rosettes 
in the tropic-alpine zone (Fig. 4.14). In addition to 
screening the sensitive young core of the rosette, 
some of these species bath their most actively 
growing center in exudate water, the heat capacity 
of which delays the night-time decline in bud 
temperature (Beck et al. 1982). 

Root zone temperatures are reported much less 
frequently, although it is not obvious why these 
should be less important than temperatures for 
aerial parts of plants (see also Chap. 7). Tempera- 
ture usually has a greater effect on dark respira- 
tion than on photosynthesis, and most alpine 
plants have more than half of their respiring plant 
mass below the ground (Chap. 12). Even though a 
large fraction of the roots tends to accumulate in 
upper soil horizons in more humid mountains, 
plants in both humid and drier mountains also 
have very deep roots persistently exposed to rela- 





Fig. 4.13. Diurnal course of soil temperature and leaf 
temperatures of two herbaceous perennial plants {Culcitium 
nivale and Hypochoeris sonchoides) at Guagua Pichincha, 
4510 m, Ecuador (as shown above). Hypochoeris forms flat 
dark rosettes, Culcitium has pubescent ('white) and erect 
leaves. The upper diagram shows quantum flux density. 
(Diemer 1996) 

tively cool temperatures, whatever the oscillations 
of temperature in the leaf canopy. On the other 
hand, upper soil layers may be warmer than air 
temperatures during periods of bright weather, 
but this is strongly influenced by the type of veg- 
etation cover. 
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Fig. 4.14. Diurnal variations of temperature in mature outer 
parts and juvenile inner parts of the giant tropical rosettes 
of Lobelia keniensis (Mt, Kenya 4150 m) which show 
nocturnal “bud” closure. Note, the temperatures in the core 
of the rosette are for liquid “cisternas” developing from 
exudate in the most actively growing part. (Beck et al. 1982) 

Liidi (1938) for instance, compared -2 and -10 
cm soil temperatures measured synchronously at 
three altitudes above the treeline in the central 
Alps on a clear midsummer day. While daily mean 
air temperature decreased by -0.57K/100m, the - 
2 cm soil temperature increased by +1 K/lOO m and 
the -10 cm temperature by +2.5K/100m. This 
resulted partly from a reduction in plant canopy 
density from a closed dwarf shrub heath near the 
treeline to open sedge communities at the highest 
altitude. The less steep gradient for the -2 cm daily 
means resulted from the more pronounced night- 
time heat loss at high altitude - again a conse- 
quence of poor plant cover. The daily amplitude 
at Liidi’s lowest (2140 m, mean air temperature 

13.5 °C) and highest (2740 m, 9.5 °C) site was 9 and 

7.5 K for air temperature, 5.5 and 11.5K for -2 cm 
and 0.5 and 3.5 K for -10 cm at the respective alti- 
tudes. Note that in contrast to a decreasing ampli- 
tude in air temperature, the amplitude in soil 
temperature increases, similar to the situation for 
plant canopy temperatures, as discussed earlier in 



this chapter. Mean temperatures in -2 cm depth of 
alpine ground, bare of any vegetation linearly 
follow the sum of daily global radiation 
(Mahringer 1964), but temperatures at greater 
depth may lag substantially behind atmospheric 
temperatures. For instance Bliss (1956) noted a lag 
of maximum temperatures by 4-6 hours at 10 cm 
depth. 

The remarkable life conditions under which 
roots may operate near the upper limits of higher 
plant life are illustrated by data of Moser et al. 
(1977). At 3184m altitude in the Alps, monthly 
mean root zone temperatures of Ranunculus 
glacialis in 10 cm soil depth exceeded 0°C only 
during 3 months per year, reaching +2.8 °C in July 
(+0.7 and +0.6 °C in August and September). The 
mean maximum root zone temperature during 
July was +6.1 °C - in harsh contrast to the leaf 
canopy maxima illustrated in Figure 4.1. For the 
rest of the year the soil is frozen with temperatures 
down to -12.5 °C. When plants flush in June, the 
mean maximum soil temperatures are +0.7 °C. 
Hence, for a large part of their active life, these 
roots operate near the freezing point of soil water, 
a situation also found on permafrost in the arctic 
(Billings et al. 1976). 

Long-term measurements of soil temperatures 
under contrasting ground cover at high subtropi- 
cal altitudes in northwest Argentina were con- 
ducted by Halloy (1982 and unpublished follow-up 
work). Figure 4.15 illustrates temperature profiles 
for summer and winter in the alpine belt at 
4250 m altitude, which supports a rich, deep- 
rooted tussock, cushion and dwarf-shrub flora. 
Mean temperatures at 30 cm depth during the 3 
warmest months of the 6-months season is +8.1 °C 
(Halloy and Mark 1996). The annual amplitude of 
topsoil temperature in this winter-dry climate is 
close to 60 K and is reduced to 8 K at 1 m depth. 
Soil freezing reaches down to 70 cm depth, but dry 
top soil thaws regularly even in mid-winter, pro- 
viding rather peculiar life conditions for plants 
rooting across such a profile. Figure 4.2 suggests 
that winter time root zone temperatures in alpine 
plants of the temperate zone are much higher due 
to snow cover. 
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Fig. 4.15. Root-zone temperatures in a subtropical high- 
plane in northwest Argentina (Cumbres Calchaquies, 4250 m, 
26°S; see Fig. 9.10). Winter and summer refers to mean 
temperatures measured during a number of days during the 
warmest (February 1985) and coldest (August 1984) month. 
According to the author, these profiles are consistent with 
measurements obtained at one or two soil horizons over 
several years between 1977 and 1990. Note the narrow 
annual amplitude of means between zero and ca. +8 °C. Data 
available for depths down to nearly 2 m suggest a merging of 
profiles below 3 m at an annual mean of ca. 5 °C. (S. Halloy, 
pers. comm.) 



In summary, plant stature and canopy struc- 
ture are key determinants of plant temperatures in 
alpine vegetation. Unlike trees or larger shrubs, 
low stature vegetation, as found in the alpine life 
zone, is effectively decoupled from atmospheric 
conditions, causing heat to accumulate in the 
canopy and top soil during all periods of moder- 
ate to high radiation. The degree of uncoupling 
decreases in the sequence cushion plant - pros- 
trate dwarf shrub - herbaceous rosette - tussock 



grass - isolated taller shrubs or tall herbs - 
Krummholz vegetation - treeline trees. The rele- 
vance of standard meteorological data for plant 
life increases in this sequence, although treeline 
trees have been shown to undergo some shoot 
warming as well (Baig and Tranquillini 1980; 
Smith and Carter 1988). Except for ridge tops, 
root-zone temperatures near the treeline ecotone 
are consistently higher under low stature vegeta- 
tion than under forest trees (as was documented 
for instance for a forest versus grassland altitudi- 
nal transect in New Zealand by K5rner et al. 1986; 
see Chap. 7). Deep roots operate at significantly 
lower temperatures than shoots for most of the 
time. 

An exception to the above life-form related 
sequence of plant size are large-leafed tall herbs, a 
curiosity found in sheltered nutritious places in 
almost all high mountain areas of the world 
(various Senecio species in the Andes, Rumex 
alpinus in the Alps, Rheum nobile in the Hima- 
layas, Ranunculus anemoneuSy in the Australian 
Alps) or the giant rosettes in the afro-alpine 
zone and the equatorial Andes. In these plants 
substantial leaf/air temperature differences result 
from large leaf size in combination with low to 
moderate wind speeds (Grace 1977). 

In conclusion, cold alpine climates are not 
always cold for plants, particularly not for leaves 
when photon supply for photosynthesis is high. 
Growing season root zone temperatures in the 
upper soil profile may be higher, but temperatures 
in deep roots may often be lower than under 
forests near the treeline (see Chap. 7). The steep 
spatial temperature gradients within a single plant 
and the strong temporal variability complicate 
simulations of alpine plant climates. There is no 
such thing as a uniform temperature across the 
body of alpine plants. 




5 Life under snow: protection and limitation 



In the alpine zone snow can fall and cover 
vegetation at any time of the year at all latitudes. 
Higher plants can be found in habitats of mean 
snow duration of anywhere between 330 and a 
few days (in the tropics) per year. In some cases, 
at higher latitudes, alpine plants may even have 
to (and do) survive one or two years of per- 
manent snowpack, as can happen due to yearly 
variable snow distribution by wind (Moser et 
al. 1977). Snow cover strongly determines the 
distribution of plant species in the alpine zone as 
was discussed in Chapter 4. Some profit, others 
suffer. This chapter deals with the conditions 
for life and plant responses under snow at high 
altitudes. For more extensive treatments of 
snow physics and the climate under snow I 
refer to Geiger (1965), Gray and Male (1981), and 
Marchand (1991). 

The protective aspects of snow cover are easily 
listed: snow prevents plant exposure to low tem- 
perature extremes, winter desiccation, ice blast 
and solar radiation (potentially dangerous to 
dormant tissue) during the cold season or during 
and after cold episodes in the alpine tropics. The 
adverse effects are less clear. Shortening of the 
length of the growing season is the only obvious 
limitation. Others, like effects on plant respiration 
by elevated soil temperatures in winter, effects 
on microbial activity, nutrient cycling, melt water 
seepage and water logging, ground ice forma- 
tion and possible anoxia in and above the soil, 
mechanical pressure and shearing effects on 
slopes, snow mold and other pathogen effects or 
below snow rodent activity, plus effects on soils 
during thaw-freeze cycles are more difficult to 
evaluate. 



Temperatures under snow 

By thermal insulation snow dampens temperature 
oscillations in low vegetation and commonly keeps 
soil temperatures high compared with above-snow 
temperatures during winter or during clear nights 
in general (Figs. 4.3, 4.6). Eckel and Thams (1939) 
found a snow layer of only 35 cm sufficient to 
maintain topsoil temperatures near zero when 
ambient air temperatures reached -33 °C after a 
series of days with temperatures around -20 °C in 
December 1937 near Davos, Switzerland. In one 
of the coldest areas of the world, in eastern Siberia, 
a 20 cm snow layer was found to delay subsoil 
freezing by two months, during which ambient 
temperatures fell to below -40 °C (Zimov et al. 
1993). 

The lower the density of snow, the more it insu- 
lates. The thermal conductivity of snow varies 
between 0.3 and 4mWcm“^K"^ in light fresh and 
compacted old snow respectively. For comparison: 
glass wool has a value of 0.4 and concrete one of 
12 (data compiled by Marchand 1991). Hence, 
when fresh fallen snow of a density of 0.1gcm~^ 
compacts to “old snow” of a density of 0.4gcm~^ 
thermal conductivity increases more than tenfold. 
The formation of a crust of ice by thaw-freeze 
processes (density ca 0.8 gcm"^) causes specific 
thermal conductivity to increase by another four 
times (Geiger 1965). Apart from snow quality, 
snow depth and duration are the most impor- 
tant determinants of plant and soil temperatures 
during cold periods. A number of studies have 
documented the almost linear negative correlation 
between the thickness of the snow cover and the 
depth of soil freezing (Sakai and Larcher 1987). 
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When alpine soils freeze during the early part of 
the winter because of lack of snow, later snowfalls 
can cause soil temperatures to rise again and soils 
may even thaw despite decreasing ambient air 
temperatures (Larcher 1957). Except for ridges or 
extremely wind exposed terrain, it can be assumed 
that soils in the lower alpine belt of the temperate 
zone remain unfrozen for most if not all of the 
year, provided autumn snow falls were not delayed 
for too long. At higher elevations and/or higher 
latitudes it requires a rather thick and early snow 
cover for soils not to undergo winter-time freez- 
ing (see also Chap. 6). 

The complete absence of snow during the cold 
season may cause soils to freeze to great depth and 
expose plants to severe physical and physiological 
stress. An extreme example is parts of the semi- 
arid subtropical Andes in nothwest Argentina, 
where plants of a very rich alpine flora have 
to survive a 6-months winter in altitudes of 
4000-5000 m, mostly bare of snow protection 
(Fig. 9.10). 

Snow also plays a protective role in the alpine 
zone of the equatorial tropics (just as it does under 
certain conditions in midsummer at higher lati- 
tudes) when storms are followed by clear nights. 
The lowest temperatures actively growing (i.e. 
not winter-dormant) plants ever experience are 
those due to radiative cooling during the first clear 
night after a cold front had passed (see Chap. 8). 
A thin snow cover may be decisive for the fate of 
aboveground parts in many species under such 
conditions. 

Relatively warm temperatures below a winter 
snow cover reduce the need for plants to invest 
in cryoprotective measures, and indeed, species 
growing in habitats well protected by snow are less 
resistant than exposed ones (Larcher 1980, see 
Chapter 8 and Fig. 5.7). On the other hand, “warm” 
soils lasting for a 9-month dormant season may 
not be all that “desirable” for plants, given that this 
causes metabolic costs by continued respiration 
while growth is ceased. All plants of cold climates 
exhibit substantial respiration at 0°C and it needs 
temperatures of -5 to -10 °C for rates to approach 
zero. If, at the same time, solar radiation penetrat- 



ing the snow facilitates photosynthetic CO 2 - 
fixation, some of these “costs” resulting from snow 
cover could theoretically be covered. Does this 
happen? 

Solar radiation under snow 

Many alpine plants do retain green structures 
above the ground over winter - not only the so- 
called evergreens. Overwintering leaves are quite 
common even in forbs (e.g. in the genera Geum 
and Potentilla in the Rosaceae) and grasses such 
as Nardus sticta. The bark of young shoots of 
dwarf shrubs is also photosynthetically active, 
most obviously in those with green stems such as 
in Vaccinium myrtillus. Mosses and lichens also 
retain photosynthetic structures over winter. Two 
questions arise from this. Is there enough photo- 
synthetically active radiation passing through 
snow? Is the photosynthetic machinery able to 
make any use of it at temperatures close to freez- 
ing point? In principle, all alpine plants ever 
studied are able to photosynthesize at tempera- 
tures between 0 and -2 to -6°C. During the 
growing period some plants can reach as much as 
20-30% of their maximum rates of photosynthe- 
sis when temperatures are around 0°C (Pisek et al. 
1967; see Chap. 11). During winter, however, pho- 
tosynthetic capacity is strongly reduced in higher 
plants, (though not always completely), whereas it 
is largely retained in lichens (Sonesson 1989; 
Kappen et al. 1995). 

The radiation climate under snow is deter- 
mined by two processes: reflectance at the surface, 
and extinction within the snow. Both processes 
do not follow simple rules and the literature 
is not univocal. When meteorologists measure 
reflectance, they usually consider global radiation 
(0.3-3 |im) and call it albedo. Biologists measuring 
the reflectance of “quantum or photon” flux, which 
excludes wavelengths >700 nm, i.e. roughly half 
of the total radiative energy, might better talk 
about quantum flux reflectance, so as not to get 
confused, both with established terminology and 
meaning. This distinction is important because 




Solar radiation under snow 



49 



reflectance of solar radiation is larger the shorter 
the wavelength. For wavelengths longer than ca. 
1.5 |im, snow represents almost an ideal black 
body and hardly reflects. Therefore, reflectance of 
quantum flux in the 400-700 nm range should 
always be larger (commonly >90% on clean fresh 
snow) than albedo (ca. 60-80%), which is biologi- 
cally important. The next problem is that snow 
cover, like all natural surfaces, is not an ideal plane, 
so the cosine correction for non-90° insolation 
cannot be applied in a straightforward way. This 
becomes important at lower solar angles and a 
clear sky at high altitudes, when fresh snow 
reflectance of visible radiation (including the scat- 
tered radiation) can approach almost 100% of 
incoming quantum flux density (QFD) measured 
with a horizontal sensor. Were incoming QFD 
measured in the direction of the sun, the resultant 
“reflectance” measured by a horizontal sensor 
would be smaller the lower the solar angle. As part 
of a study on the effect of red snow algae on 
reflectance (which was very small) Thomas and 
Duval (1995) measured “white” snow QFD ref- 
lectance in the Sierra Nevada of California of 58 to 
65% when compared with QFD measured in the 
direction of the sun (at noon in June). Accounting 
for the cosine-effect at their latitude, this would 
yield a ca. 75% reflectance based on horizontally 
measured incoming as well as reflected QFD. 
Hence, measurement conventions co-determine 
estimates of QFD actually penetrating into snow. 

The remaining “net QFD” - in a first approxi- 
mation - is absorbed exponentially with increas- 
ing thickness of the absorbing layer (Geiger 1965, 
Fig. 5.1). However, radiation that penetrates the 
snow creates back-scatter. Hence, even when con- 
sidering an idealized, completely homogenous 
profile, snow does not meet the criteria for the 
application of Beer-Lamberfs extinction law. Two 
rather different “transmittance” values would be 
obtained under a 10 cm layer of snow by two hor- 
izontal sensors if one were placed at the soil 
surface (almost no back-scatter), and the other 
one at 10 cm below the surface of an otherwise 
deeper snow layer. The reading of the latter sensor 
may be somewhere around twice that of the first. 



Transmittance of net radiation (%) 




Fig. 5.1. Solar radiation under snow. Dotted lines Theoretical 
transmittance of radiation calculated from 
Beer-Lambert’s extinction law for two different extinction 
coefficients (0.25 and 0.1 cm“0- Solid line Actual 
transmittance measured for wet spring snow in Abisko, 
northern Sweden (k = 0.14; original data). With QFD = 
1000|xmolm“^s~^ above the snow and 80% QFD reflectance 
the actual QFD measured on a dark plain (e.g. the soil 
surface) under 10 cm of snow would be ca. 50 jimol m'^ s~^ 



even though the absorbing snow layers above the 
sensors were identical in thickness and quality. 
Thus, measurements with a horizontal “point” 
sensor (a conventional QFD sensor) placed at 
various depths within a given snow profile, do not 
produce the same transmittance/thickness rela- 
tionship as the same sensor placed at the soil 
surface under layers of snow of different thickness. 
This does not mean that one of the two ways of 
measuring transmittance or extinction is wrong, 
they rather they have different meaning. One 
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extinction coefficient includes, the other one 
largely excludes back scatter effects. I explain this 
because of the obvious biological relevance if one 
compares the light regime of a moss or lichen 
thallus at the ground or leaves or branches of 
upright plants surrounded by snow at otherwise 
equal distance from the snow surface. Without 
accounting for back scatter effects results of QFD 
measurements below snow can create substantial 
confusion. 

Commonly, less than 10% of QFD reach the 
ground when snow depth is 10 cm (depending on 
snow quality). Only 2-3% of QFD may be left after 
radiation has passed through a 20 cm snowpack. 
QFD capture by plant structures protruding into 
snow at these same distances from the snow 
surface may be twice as high because of back 
scatter effects (see above). Below a 30 cm snow 
cover, the environment is essentially “dark” for 
photosynthesis, because 1% of full midday QFD in 
summer is the minimum usually required for a net 
carbon gain by leaves. In midwinter, under over- 
cast conditions and earlier or later in the day, snow 



layers of only 5-15 cm thickness may have the 
same “dark blanket” effect. 

Fresh, low density snow not only reflects more, 
it also tends to absorb more transmitted light per 
cm of depth than old or melting snow. However, 
the relationships between snow quality and trans- 
mittance are again not straight forward. The same 
high density of snow reached by mechanical 
compaction or by melting processes has opposite 
effects on transmittance, and settling of snow 
under dry, cold conditions decreases transmit- 
tance on a per cm depth basis. I refer the reader to 
the detailed considerations of the fate of solar 
radiation in snow of varying quality by Marchand 
(1991). For plants living under snow it is impor- 
tant that more radiation penetrates the snow 
during melting because reflectance is reduced and 
transmittance is increased and at the same time 
the wetting plus the melting process rapidly cause 
the thickness of the snow layer to shrink (Fig. 5.2). 
At temperate or subpolar latitudes, all this usually 
happens when solar radiation is close to its annual 
peak in late May or June, which further enhances 




Fig. 5.2. Quantum flux density (QFD) above and below {shaded area) melting snow under bright arctic-alpine spring 
conditions at Latna Jaure near Abisko, northern Sweden (68°N, 980 m; M. Sommerkorn, pers. comm.; below-snow QFD is 
enhanced due to backscatter effects because the sensor’s diffusor cap was about 5 cm above the ground and surrounded by 
snow, a situation not dissimilar to the one experienced by fruticose lichens). Temperatures in actively photosynthesizing 
lichens on the ground were around +0.5 °C throughout the observation period, while ambient air temperatures varied 
between +13 and -3°C. The level of saturation of lichen photosynthesis by QFD is 160|imolm“^s“^ at this thallus 
temperature (Kappen et al. 1995), wich is indicated by the dashed line 
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the radiation reaching the ground before the snow 
finally disappears. This is the period when photo- 
synthetic profits from light penetrating a thinned 
snow cover are most likely. 

Within the photosynthetically active part of the 
spectrum (400-700 nm) the composition of solar 
radiation is changed relatively little by snow, but a 
slightly better transmittance in the photosynthe- 
tically least useful part between 480 and 580 nm 
has been reported by Richardson and Salisbury 
(1977) and Kappen et al. (1995) whereas other 
authors found no clear spectral trends (cf. Geiger 
1965), but perhaps they did not study deep enough 
snow. The deeper the snow, the more the spectrum 
is skewed to the blue-green range, with the bio- 
logically important red fraction becoming less 
and less. In the infrared part of the spectrum 
(>700 nm), absorptance, as mentioned above 
increases rapidly (Curl et al. 1972). 

In summary, both intensities and the spectral 
quality of radiation potentially permit plants to 
achieve net photosynthetic carbon gains under 
snow, provided the snow cover is shallow, the 
ambient radiation is high and plants are physio- 
logically active. Figure 5.2 illustrates an arctic- 
alpine snow-melt situation in northern Sweden 
where fruticous lichens were shown to exhibit sub- 
stantial carbon gains, while still covered by a 10- 
25 cm layer of wet spring snow (Kappen et al. 
1995). Up to 250|imol photons m"^s~^ reached the 
lichen layer during midday, which substantially 
exceeds the light saturation of photosynthesis at 
snow-melt temperatures. Hamerlynck and Smith 
(1994) measured 500|amolm“^s"^ at the edge of a 
snowbed when snow depth became less than 5 cm. 

However, radiation plays three different roles in 
plant life. In addition to influences on microcli- 
mate or heat budget and photochemical effects 
discussed above, a third and most important role 
has not yet been touched on: radiation carries 
information, either via spectral quality or pho- 
toperiod. Plants are able to perceive minute 
amounts of radiation and learn from these the 
time of day, the time of year and whether it is 
appropriate (from evolutionary experience) to 
initiate certain developmental phases of their life. 



Whatever the photochemical gain from radiation 
penetrating snow may be, there will almost always 
be enough radiation to carry such information, 
no matter how deep snow is, as has been demon- 
strated so elegantly by Richardson and Salisbury 
(1977) in their famous snow- tunnel experiment in 
the mountains of Utah. Using a combination of 
photomultiplier studies and bioassays they proved 
that signals penetrating snow down to 2 m depth 
are strong enough to induce seed germination, 
sprouting and morphological responses of test 
plants. As an example of their results. Figure 5.3 
shows that in seeds of lettuce (certainly not a 
snowbed specialist), which were kept in complete 
darkness, but were then exposed for only 10 
minutes to light penetrating 77 cm of snow, ger- 
mination rates correlated with the time of expo- 
sure and/or wave length perceived. Richardson 
and Salisbury concluded that this response was 
due to diurnal spectral shifts below snow (which 
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Fig. 5.3. The effect of very low, but increasing doses of 
spectrally altered solar radiation penetrating 77 cm of snow 
on the germination of lettuce seeds exposed to this radiation 
for only 10 min in a special snow tunnel on 11 May, 1974. 

The time of day during the exposure is indicated. Note that 
sunrise was at 5.30 solar time. (Richardson and Salisbury 
1977) 





52 



5 Life under snow: protection and limitation 



they documented). How much more must we 
expect plants other than lettuce to respond to such 
signals, given their success depends on such 
messages? 

These radiation signals, plus melting water and 
increasing temperatures, cause many alpine plants 
to initiate flowering, to sprout or germinate before 
snow disappears (see color Plate 3 at the end of the 
book). Though the specific mechanisms await to 
be understood, the advantages for the effective 
utilization of the often extremely short snow- 
free period for reproduction and carbon gain are 
obvious. 

Gas concentrations under snow 

As discussed above, snow effectively inhibits heat 
diffusion and thereby creates conditions predom- 
inantly favorable for plant survival and plant 
metabolism during winter, which in turn depend 
on gas diffusion. Since sinks and sources of reac- 
tive gases are separated from the atmosphere by 
snow as a resistor, concentrations under snow will 
always differ from ambient ones. The thickness 
and quality of the snow layer and the biological 
activity in the soil (soil temperature) co-deter- 
mine the magnitude of such differences. The dif- 
fusion of gases through snow follows Pick’s law of 
diffusion. For CO 2 , a gas of particular interest here, 
the presence of snow with common porosities 
between 50 and 60% reduces the diffusion 
coefficient for free molecular diffusion of ca. 
0.135 cm^s"^ at 0°C and sea level pressure to values 
of around 0.052 cm^s“^ (Mariko et al. 1994). With 
increasing altitude the diffusivity increases and is 
ca. 30% higher at 3000 m elevation, as a result of 
reduced atmospheric pressure (see Chap. 3). 

Under dry, soft snow of 20 cm thickness long 
term means of 12 to 36 ppm CO 2 enrichment near 
the ground have been measured in the extremely 
cold winter climate of subarctic Siberia (Zimov 
et al. 1993), similar to the <30 ppm observed by 
Kelley et al. (1968) in Alaska. In both studies the 
highest CO 2 enrichments were noted early in the 
winter and a few weeks before the disappearance 



of snow. Under wet snow of similar thickness 
Kappen et al. (1995) found means of ca. +70 ppm 
at their arctic-alpine site, but short-term excur- 
sions of CO 2 concentrations up to 200 ppm above 
ambient have been noted. The temporal variation 
and depth dependency of CO 2 concentration 
under snow in the tundra of northern Sweden is 
illustrated in Figure 5.4. Below 50 cm of snow, CO 2 
concentrations were found to vary between 400 
and 900 ppm above ambient, and even higher con- 
centrations were measured near the soil surface 
under 90 cm of snow (800-1700 ppm). Under deep 
snow (1 m) and on biologically very active ground 
such as under montane forests, Mariko et al. (1994) 
found CO 2 concentrations of ca. 2000 ppm in Japan 
(Fig. 5.5). 




C02-concentration (ppm) 

Fig. 5.4. Profiles of CO 2 concentration under snow in the 
subarctic birch- tundra near Abisko (northern Sweden), 
arrows indicate dates. Because snow depth varied, the snow 
surface has been used as a reference for depth. By April 18, 
snow was compacted by melting to 40 cm. Note snow quality 
varied across the profile, causing the C02-gradients to be 
non-linear. The ground vegetation is a rich dwarf 
shrub/moss community and ambient air temperatures varied 
between +5 and -20 °C (mostly around -8 °C) during the 
measurement period. (M. Sonesson and M. Tijus, unpubl. 
data for 1989) 
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Fig. 5.5. Profiles of CO 2 concentration in >0.8 m deep snow 
in Japanese montane forests at 1320 (i), 1500 (2), 1980 (3) 
and 2200 (4) m altitude measured between March and May. 
Soil temperature between 0 and -10 cm soil depth was 
between 0 and +2 °C at all sites. Snow depth was 82-98 cm 
at sites 1, 2 and 4, and 190 cm at site 3. Note the nearly 
linear gradients. Different slopes reflect differences in 
winter-time C02-evolution from soil in the range of 20 to 
75 mg C02m"^h“^ (means and SD for 5 profiles each). 

(Mariko et al. 1994) 

Since concentrations of CO 2 in soil normally 
exceed 1000 ppm, the above numbers for further 
enhancement of concentrations below snow rep- 
resent only a moderate spatial excursion of soil air 
into the soil-snow boundary. A significant photo- 
synthetic benefit (in absolute terms) from CO 2 
enrichment under snow is very unlikely because of 
low light and because low temperatures drastical- 
ly reduce CO 2 sensitivity of photosynthesis in this 
range of concentrations. 

Strongly compacted snow and solid ice may 
reduce diffusivity so much that oxygen consump- 
tion due to heterotrophic respiration (CO 2 pro- 
duction) may lead to periodic anoxia (Andrews 
1996). Is there a realistic possibility of oxygen 



shortage under snow? Mitochondrial respiration 
of plants is not significantly affected by reductions 
of oxygen unless concentrations of less than 5% 
(compared with 21% in the free atmosphere) are 
reached, but certain micro-organisms in the soil 
may be more sensitive. Underneath an ice-crust 
above well developed organic soils, Newesely et al. 
(1994) measured a depletion of oxygen concen- 
trations down to and below 5%. No such deple- 
tion was found under similar conditions, but on 
degraded substrate of low biological activity. The 
situation becomes more severe if soils become 
waterlogged during snowmelt, particularly when 
drainage is blocked by an ice table deeper soil 
layers. Soils respond to such repeated anoxia by 
the formation of blue-gray horizons of gley on 
otherwise well drained high alpine grassland 
(alpine ''pseudogley”. Burger and Franz 1969, see 
Chap. 6). Snowbed communities are particularly 
exposed to such stress situations. It is not yet 
known how sensitive alpine snowbed species are 
to oxygen depletion, but northern populations of 
some common arctic plant species (in contrast to 
more southern populations) have been found to be 
extremely robust (Crawford et al. 1994). Anoxia 
situations are generally more tolerable to plants 
at low temperatures (Crawford 1992). Given the 
fact that highest microbial activities have been 
observed immediately after thawing (Schinner 
1983), soil micro-organisms as a whole do not 
seem to suffer, but certain groups of microbes may. 

Besides these direct microclimatic and atmos- 
pheric effects of snow cover on the sub-snow envi- 
ronment, snow also exerts mechanical forces on 
vegetation (Larcher 1985a; Marchand 1991). It dis- 
torts or even breaks upright plants, allowing only 
those shrubs and Krummholz trees to survive 
which can tolerate tons of shear forces by elastic 
stems and robust buds (Fig. 5.6). On steep slopes 
and under certain types of spring weather, snow 
frozen to the vegetation may tear sods of alpine 
turf off the ground when sliding downhill. This 
problem is known to cause damage to abandoned 
alpine pasture land which enters winter with long 
standing-dead crops of grass. The movement of 
rocks and loose ground by sliding snow or 
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Fig. 5.6. Ice blast, snow pack and freezing may brake stems 
and branches and damage overwintering leaves. Tons of wet 
snow were packed to these trees by an antarctic blizzard 
followed by freezing. This occurring once every 20 to 50 
years would be enough to turn trees into multistemmed 
scrub. One of the highest growing trees of Eucalyptus 
pauciflora in the Australian Snowy Mountains at 2050 m 
altitude at the end of June 1989 



avalanches with subsequent mud or debris depo- 
sition exert massive mechanical loads (Fig. 5.7). In 
addition, snowpack affects soil erosion and slope 
stability in various ways (Billings 1973; Franz 1979; 
Neuwinger 1980; Fox 1981; Stanton et al. 1994; see 
also Chap. 6). 



Plant responses to snowpack 

As discussed in Chapter 4, patterns of snow dis- 
tribution and snow duration in alpine areas create 
rather stable mosaics of vegetation types which 
follow the isolines of snow melt, but underlying 
mechanisms are not always clear. There is a close 
relationship between snow duration, plant cover 
and plant productivity (Billings and Bliss 1959; 
Klug-Piimpel 1982; Ostler et al. 1982; Galen and 
Stanton 1995; Fig. 5.8). The longer the duration of 
snow cover, the more pronounced effects become 
and the fewer species survive. In the following I 
will, therefore, discuss the snowpack problem with 



Fig. 5.7. Avalanches create a special alpine habitat with 
regular mechanical stress, long snow cover, a supply of plant 
debris and a fine substrate. They also cause the alpine flora 
to extend below the treeline. (Sellrain, Tirol) 



special emphasis on long lasting snow cover in 
snowbeds. 

There are three fundamental pre-requisites 
(“filters”) for life under prolonged snow cover: 

• Resistance to physico-chemical stresses and 
snowbed pathogens, 

• Plant phenorhythmics have to match the timing 
of snow coverage, and 

• Annual carbon gains must suffice to allow the 
completion of the life cycle and support persis- 
tence by reserve formation and clonal or re- 
productive propagation (the latter may not be 
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Fig. 5.8. Plant dry matter production along a snow melt 
gradient in the Rocky Mountains. Total above ground live 
biomass has repeatedly been determined in plots situated on 
isolines of dates of snow disappearance. The reductions in 
biomass in the plots released earliest (56 d isoline data) are 
due to seed dispersal and late-July senescence of some older 
leaves. (Drawn from data by Billings and Bliss 1959) 



essential when diaspores are imported from 
“better” surrounding habitats). 

The first depends more on the snow cover period 
and the length and nature of thaw-freeze cycles at 
snow melt, the last two are also critically depen- 
dent on the duration of the snow-free period. 
The carbon gain is co-determined by weather, 
soil moisture, nutrient availability and herbivory 
during the growing season, all general aspects of 
alpine plant life in seasonal climates, which will be 
treated in several later chapters. In the following, 
topics of immediate relevance to the snowpack 
question will be discussed, but thematic bound- 
aries are of a practical rather than scientific 
nature. 

First, the existential “filters” must be passed. 
What are the stress-physiological barriers for 
plant survival in areas of prolonged snowpack? 
Nowhere else in the alpine terrain do we find 
plants so well protected from frost, and thus 
requiring so little resistance, than in places of reli- 
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Fig. 5.9. Freezing resistance of the alpine snowbed species 
Soldanella alpina - a species of southern European 
distribution, in comparison to species commonly 
overwintering at more exposed (snow-deprived) habitats. 
The arctic-alpine Silene acaulis often grows on wind-swept 
ridges, Carex firma holds an intermediate position with 
respect to snow cover. Numbers indicate maximum frost 
resistance, and in brackets, resistance after 3 to 5 days of 
warm temperature pretreatment, indicating the potential 
reduction of resistance during warm spells. (Larcher 1980) 



able winter snow cover (Larcher 1980; see also 
K5rner and Larcher 1988; Fig. 5.9). However, 
freeze-thaw situations during snowmelt bear a 
risk of frost damage in these commonly less re- 
sistant or less hardened plants (Larcher 1985b). 
Given the high soil moisture during the peak 
growing season (e.g. Billings and Bliss 1959), heat 
and drought effects are unlikely to affect snowbed 
plants (but see below). 

However, drought stress may come into play in 
two indirect ways. Firstly, through a reduction of 
nutrient availability during periods of top soil 
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desiccation (not necessarily affecting turgor 
because of sufficient moisture in deeper horizons). 
Late-melting snowbeds are particularly endan- 
gered because the water holding capacity is weak 
due to poor humus content (Billings and Bliss 
1959). Secondly, drought may become a problem 
to snowbed plants when snow is abruptly removed 
in winter by strong winds in an “unconventional” 
direction, by avalanches, animals or human 
influence (skiers). Under such conditions winter 
drought can kill plants in few days, as was demon- 
strated by an excavation experiment by Larcher 
and Siegwolf (1985; Fig. 5.10). These authors 
showed that Rhododendron f err ugineum, an ever- 
green dwarf shrub in the Alps known to require 




Fig. 5.10. Plant species requiring deep snow cover for 
survival can become active at any time in winter when 
exposed to sun, which is commonly fatal. Here, an in 
situ examination of photosynthesis of Rhododendron 
ferrugineum on Mt. Patscherkofel near Innsbruck. 

(cf. Larcher and Siegwolf 1985) 



save snow cover (Friedel 1961), dies within 3 days 
by leaf desiccation when snow is removed and 
when exposed stems freeze. Unlike the wind edge 
species Loiseleuria procumbens (K5rner 1976, 
Grabherr 1976), Rhododendron is able to photo- 
synthesize significantly within 2 hours after snow 
removal and reaches a relatively high stomatal 
conductance for water vapor - a death sentence 
when its snow shelter is removed in winter. 

Another critical factor in snowbed plant life is 
radiation stress at emergence from snow. Within 
one or two days, even within few hours, when snow 
rapidly melts, plant tissue may become exposed to 
the highest intensities of solar radiation measured 
on earth (see Fig. 3.11), in particular when 
reflecting snowflecks are still around. While 
mature and hardened leaves of alpine plants, and 
snow algae have been shown to be very well 
equipped to screen damaging radiation from the 
photosynthetic apparatus (Caldwell 1968; Rob- 
berecht et al. 1980; Bergweiler 1987; Caldwell et al. 
1989; Thomas and Duval 1995; Wildi and Liitz 
1996), still dormant or premature tissue suddenly 
released from snow is in a dangerous situation. 
The yellow or reddish color of freshly emerged 
shoots or leaves at the edge of snowbeds are a well- 
known phenomenon (see color Plate 3 at the end 
of the book). Similar to flushing tropical trees, 
the lack of green chloroplasts during this phase 
reduces short wave absorptance and allows cells to 
expand, vacuolize and establish a protective screen 
before the photosynthetic machinery is fully 
installed. In some species, particularly the most 
rapidly expanding ones, this may take several days. 
Frost events during this period can interrupt or 
even terminate this greening process, leaving life- 
long chlorotic leaf scars (C. Liitz, pers. comm.). 
Caldwell (1968) found a rapid reduction of UV 
transmittance in extracts of stems of Ranunculus 
adoneus released at the edge of a melting snowbed 
(see Chap. 8). 

Other plants emerge from snow with fully 
active, green leaves, (e.g. Soldanella alpina), which 
immediately exhibit high electron transport 
capacity in their photosystem (Bergweiler 1987), 
and thus channel potentially damaging solar 
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energy into biochemical energy even before snow 
fully disappears. Kume and Ino (1993) were sur- 
prised that Aucubajaponica, which is an overwin- 
tering green under heavy snowpack in Hokaido, 
maintained full pigmentation and photosynthetic 
activity over 110 days of storage on ice, and simi- 
larly, Losch et al. (1983) found a snowbed moss 
Anthelia sp, to maintain its photosynthetic capac- 
ity for a 9-month period of cold storage, not toler- 
ated by another snowbed moss. Polytrichum sp. 
Evergreen Ericaceae (but apparently not all, as 
discussed above for Rhododendron ferrugineum) 
shut down or reduce photosynthetic capacity in 
the dormant stage under snow (depending on 
exposure) and it may take two weeks or more to 
fully recover under favorable conditions (Grab- 
herr 1976, Karlsson 1985). In contrast to snow 
covered leaves, exposed winter green leaves are 
often found discolored, which is considered as a 
protective mechanism against superfluous radiant 
energy (see color Plate 3 at the end of the book). 
Suddenly released, fully green, but physiologically 
deactivated leaves may thus be more vulnerable to 
high radiation (Larcher 1985b). 

Yellow birth, pink flush, active green, passive 
green or bleached survival, or other modes of 
passing through this critical phase of life in 
snowbed plants may be grouped into at least six 
different types of “strategies” (with some exam- 
ples discussed later): 

1. Remain green and retain full photosynthetic 
capacity over winter (e.g. Soldanella). 

2. Remain green, but deactivate photosynthesis, 
with a period of up to 2 weeks required to reach 
full capacity after snow melt (some evergreen 
Ericaceae Vaccinium vitis idea, Loiseleuria 
procumbens). 

3. Flush “conventionally”, i.e. some time after 
snowmelt, with new leaves emerging green (e.g. 
Krummholz species of Alnus or Betula, decid- 
uous alpine dwarf shrubs. Car ex sp.). 

4. Initiate leaf expansion before snow melt and 
commence greening and activation of photo- 
synthesis immediately when released {Erythro- 
nium grandiflorum, snowbed Ranunculi) 



5. Initiate leaf expansion before or at snow melt, 
but delay greening and activation of photosyn- 
thesis (fast expanding tall herbfield species 
from snowbeds in genera like Geranium, 
Rumex, Angelica, Luzula). 

6. Survive as seed and germinate at or after 
snowmelt and thereby circumvent some of the 
problems of sudden release from snow (few 
rare snowbed annuals). 

Strategies 2, 3, 5 and 6 are commonly found at 
lower alpine altitudes, near the treeline, with a 
shorter snowy period. Strategies 1 and 4 dominate 
sites with longest snow duration at higher alti- 
tudes, but all 6 types may co-occur. A systematic, 
comparative analysis of the snow-release physiol- 
ogy of such functional types still needs to be done, 
but it seems, there exist various solutions to the 
same problem. In any case, these response types 
strongly relate to species specific phenorhythmics 
(see below). 

Besides the potentially harmful physico-chem- 
ical stressors associated with snowpack discussed 
above, the most decisive component of plant resis- 
tance in snowbeds is of a biological nature: the 
impact by microbial pathogens and in particular 
snow mold. Prolonged temperatures around 0 °C 
and wetness provide ideal life conditions for 
certain fungi (e.g. Herpotrichia sp., Phacidium 
sp.), and damage can be regularly found after long 
snow cover in spring (e.g. Watson et al. 1966; Smith 
1975; Frey 1977; Aulitzky 1984; Larcher 1985b; 
Sturges 1989). It may be the most critical factor 
for tree regeneration above the treeline, and pos- 
sibly explains the predominance of plant species 
which overwinter completely below ground in late 
snowbeds. Such habitats often appear almost bare 
at snow melt. Even some lichens do not tolerate 
prolonged snow cover (Benedict 1990). If a species 
has not acquired true snow mold resistance, 
belowground regeneration buds avoid the infesta- 
tion. There appears to be an interaction between 
snow mold susceptibility and the nutrient rich- 
ness of overwintering leaves. The addition of small 
amounts of full mineral fertilizer to evergreen 
dwarf shrub vegetation in early summer has ended 
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with a disaster after 5 years: fertilized plots were 
selectively wiped out by snow mold (Korner 1984). 

Developmental aspects to the snowpack pro- 
blem have already been touched upon above. A 
classic developmental adjustment of plants to long 
snow cover and a short growing season is the pre- 
formation of leaf- and flowerbuds in the previous 
season (Larcher 1980; see also Chaps. 13 and 16; 
Fig. 16.1). In some species, two complete sets of 
annual flower buds can be found preformed. These 
can all be activated in one season when plants 
are transplanted to a warmer climate (Frock and 
K5rner 1996). But again, not all species have 
adopted this bud-preformation strategy, which is 
found in species flowering at or soon after snow 
melt. Others, like many alpine Caryophyllaceae 
(e.g. Cerastium sp.), produce flowers on newly 
emerged shoots, and thus flower later, but these 
are not the most typical snowbed plants. Molau 
(1993) found a higher abundance of apomixis 
and vivipari in late snow melt species, which also 
tend to exhibit higher ploidy levels than earlier 
flowering fellfield species, which in turn, accord- 
ing to Molau, have greater outbreeding rates and 
low seed: ovule ratios. Whether seedlings can 
establish may depend on the occurrence of a series 
of exceptionally long growing seasons and specific 
disturbance regimes (Chambers et al. 1990), while 
for the remaining time (which can be centuries) 
clonal propagation will prevail (Bell and Bliss 
1979, Steinger et al. 1996). 

Plants with different flowering and leafing phe- 
nologies may respond differently to prolonged 
snow duration. For instance. Kudo (1992) ob- 
served that long snow-free periods caused ever- 
greens to shorten their leaf life span (faster 
amortization of leaves) whereas deciduous shrubs 
maintained leaves longer - possibly a consequence 
of a melt-date induced earlier sprouting but a 
(fixed), photoperiodically controlled, senescence 
date. Inouye and McGuire (1991) have shown that 
in Delphinium nelsonii, flowering was delayed in 
years of lower snow accumulation, which they 
associated with lower ground temperatures in 
winter, but it may also indicate some photoperi- 
odic control. Walker et al. (1995), like many others. 



have noticed that key phenological events such as 
the date of maximum leaf length or flower number 
were closely related to the date of snow disap- 
pearance in two Rocky Mts. forbs. However, 
counter-intuitively, they found greater leaf length 
in a year with delayed snow melt, which they 
explain as a beneficial effect of the greater snow- 
pack of this year on soil conditions during mid- 
summer. From that they concluded that the 
nutritional and moisture situation in snowbeds 
may be more important than the actual length of 
the snow- free period (within certain ranges). 

There is a lot of evidence for opportunistic 
plant responses at the beginning of the alpine 
season (Frock and Korner 1996 and Chap. 13). 
According to Friedel (1961) and the more recent 
work by Stanton et al. (1994), long-term spatial 
patterns of snow distribution are fixed, but short- 
term temporal ones are not, and the disappearance 
of snow controlls the onset of the alpine growing 
season in habitats with late lying snow. Any delay 
of development (e.g. by photoperiodic control) 
would reduce the chances of achieving a positive 
annual carbon balance and of producing seeds 
during the remaining short season. Flants are 
sensitive to physical precursors of snow melt 
and many species initiate growth or reproductive 
development even before snow disappears (as 
discussed above). A survey of phenorhythmics of 
184 species of high altitude plants in the central 
Himalayas by Fangtey et al. (1990) revealed a close 
synchronization of development with snow melt. 

As soon as more than one species is considered 
in greater detail, answers tend to become rather 
complex - and alpine plants are no exception to 
this general rule, as will be illustrated in this book 
repeatedly. Galen and Stanton’s (1995) snowbed 
study in the Rocky Mts. is a good example. They 
first mapped the distribution of snowbed forb 
species along a gradient of 80 to 35 days of annual 
snow-free period, and then manipulated snow 
pack duration at either end of the gradient. As 
illustrated in Figure 5.11, species whose absolute 
ranges of distribution are the same fall in at least 
three categories of microhabitat preference along 
the snow melt gradient: Geum rosii, Artemisia 
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Fig. 5.11. Gradients of relative plant cover within populations of five typical Rocky Mts. snowbed forbs along a line of 
increasing duration of snow cover. Left, Species that reach greater cover (abundance) near the edges of a snowbed; center a 
species of relatively constant cover over a wide range of snow cover; right a species reaching greatest cover half way to the 
center of the snowbed. No species “centers” near the 35-day zone. (After data in Galen and Stanton 1995) 



scopulorum and Sibhaldia procumbens are more 
frequently found near the margins of the snowbed, 
Ranunculus adoneus reaches greatest cover half 
way to the center, and Trifolium parryi likes it 
everywhere. All five snowbed specialists can grow 
in the center, but there is no higher plant species 
with a “preference” (sensu greatest relative abun- 
dance) for a place with a cool 35 days growing 
season. 

The speed of initial growth and development 
after snow melt differs among these species (Fig. 
5.12). Ranunculus is the first to flower and initiate 
leaf expansion, and Trifolium is the last, with the 
species sequence for the two traits staying the 
same between these two extremes. Once growth is 
initiated, the duration of the vegetative flush is 
shorter for those who start late, and longer for 
those who start early, with one species (Geum) 
holding an intermediate position in all cases. Note 
that leaf expansion commences over a range of 
1 to 8 days after snow melt and shoot expansion 
takes between 5 and 16 days - periods during 
which it became 3 K warmer in the snowbed. Galen 
and Stanton (1995) noted that any manipulation of 
snowpack (i.e. the timing of snow melt) for a 
period of three years had more immediate conse- 
quences for changes in ground cover in the “fast” 
initiating species, i.e. those whose development 
follows snow-melt with minimum delay, whereas 



effects in the slower ones were small. The “fast” 
species may profit from earlier snow melt through 
maintaining a greater metabolic readiness under 
snow - which, however, has its energetic trade-off 
and also requires developmental “readiness” by 
bud preformation. There maybe a threshold under 
prolonged snow cover, when the continued main- 
tenance of readiness becomes counterproductive, 
perhaps illustrated by the reduced success of 
Ranunculus adoneus in the center of the snowbed. 

I have described this experiment in more detail 
because it illustrates and quantifies a number of 
important aspects of developmental plant re- 
sponses to prolonged snow cover. First, and well 
known to vegetation ecologists, species have “pref- 
erences” for certain ranges across a snow duration 
gradient, but the width of “preferred” ranges varies 
among species (“preferred” means maximum 
abundance, and does not imply an optimum in a 
growth physiological sense). Second, indepen- 
dently of the zonal position, species differ in the 
dynamics of their development, even within one 
type of snowbed habitat. Third, the predictive 
value of these developmental properties for 
responsiveness to varying snow duration may be 
greater than the current position along a snow- 
melt gradient. And fourth, the metabolism before 
snow-melt may determine the post-snow-melt 
development. 
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Fig. 5.12. Developmental speed in six snowbed species (as in 
Fig. 5.11, plus Sibbaldia procumbens and Poa alpina). Note 
that the ranking of species by time elapsed from snow melt 
to leaf intitation and flowering is the same, but the duration 
of shoot expansion {lowest diagram) tends to be shorter in 
late initiating species and is longer for early initiating 
species. Canopy air temperature increased by 3 K during the 
observation period 3-17 July (from 15.5 to 18.5 °C). (Galen 
and Stanton 1995) 



It is not yet known for sure whether alpine 
snowbed species evolved development-ecotypes, 
but it is almost certain that they did. There is 
evidence from arctic snowbeds that ecotypic, 
i.e. genetic, differentiation of carbon investment 
between snowbed and fellfield populations does 



exist over short distances. McGraw (1985a, 1995) 
showed in a pot experiment that snowbed eco- 
types of Dryas octopetala were superior com- 
petitors and that this had to do with biomass 
allocation. 

Growth and photosynthesis. It seems unlikely 
that sub-snow photosynthesis contributes signi- 
ficantly to the annual carbon balance of higher 
plants exposed to long-lasting snowpacks (see 
the previous Sect.). The C-gain of a single peak 
season bright day is probably greater than the 
sum of below snow photosynthesis of a whole 
winter. Hamerlynck and Smith (1994) measured 
CO 2 gas exchange in the snowbed geophyte Ery- 
thronium grandiflorum before and one day after 
snow melt and found negative values in both cases, 
despite high sub-snow QFD. But 2 days after snow 
melt, leaves reached a photochemical steady 
state and soon after exhibited full photosynthetic 
capacity. They conclude, in accordance with what 
Galen and Stanton (see above) found, that it is the 
speed of development after snow melt and the 
efficient use of the short season which matter, 
rather than below snow photosynthetic activities. 
These authors also found, by comparing snowbeds 
of different melt dates, that the snowbed plants 
were always bigger at emergence in snowbanks 
with early melt dates, most likely a consequence of 
greater below ground reserves produced during 
the previous year. Except for a short transition 
period during snow melt or under generally 
thin snow cover, sub-snow photosynthesis does 
also not appear to contribute substantially to the 
carbon balance of lichens (Sonesson 1989; Kappen 
et al. 1995). Rather it seems that lichens, but also 
some mosses, suffer under the mild temperatures 
and high moisture under long-lasting snowpack, 
conditions which stimulate respiratory losses (e.g. 
Benedict 1990 for lichens; Losch et al. 1983 for 
mosses). 

An important determinant of growth is leaf 
construction cost. Leaves of some herbaceous ;,J 
snowbed species share characteristics with plants 
from shady environments, such as soft tissue or 
high chlorophyll content on a dry leaf mass basis 
as was observed already by Henrici (1918). In com- 
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petition experiments McGraw (1985b) found that 
snowbed ecotypes of Dryas octopetala were more 
shade tolerant than fellfield ecotypes. The soft 
leaves of many deciduous snowbed plants (e.g. 
Kudo 1992) may reflect at a microscale, what has 
been observed in alpine plants across a large lati- 
tudinal scale, namely that specific leaf area (SLA, 
the area of leaf produced per amount of dry 
matter) increases with the poleward shortening of 
the alpine growing season, with maxima in arctic 
alpine plants and minima in tropical-alpine plants 
(Kdrner 1989, Frock and Korner 1996). It is also 
known from functional growth analysis also in 
cold-adapted plants that high SLA is a key feature 
for fast growth (Atkin and Cummins 1994) - a 
plausible explanation in view of the extremely 
short period available for growth in such habitats. 
Large carbon investments per area in leaves of 
only 6 weeks life span are not likely to become 
amortized. 

Soil fertility in snowbeds co-determines how 
fast biomass production can proceed in the short 
season. Several studies have considered the effects 
of local snow accumulation on soil nutrients. 
Walker et al. (1995) suggested that nutritional 
effects of snow melt are critical for individual 
species responses in the alpine zone of the Rocky 
Mts., and similar conclusions were drawn by 
Squeo et al. (1993) for the alpine belt around 
4000 m in Chile at 30°S. As a rule, early melting 
zones in snowbeds have richer soils than late 
melting ones (Fig. 5.13), in particular, they have 
higher humus content, which was found to corre- 
late positively with various parameters related to 
plant growth (Scott and Billings 1964; Stanton et 
al. 1994). Figure 5.8 illustrates that the later 
released plots showed a much smaller relative 
increase in biomass during the first week of 
growth (-1-22%) compared with successively earlier 
released plots (-1-71, -h80, -fl04%). Early melting 
snowbeds are also richer in species than late 
melting sites (Stanton et al. 1994). Snow distribu- 
tion also affects cryogenic soil processes (Johnson 
and Billings 1962), litter decomposition (O’Lear 
and Seastedt 1994) and microbial activity (Schin- 
ner 1983). Snow by itself is a substantial source of 




Fig. 5.13. Trends in soil nutrients and pH along a gradient 
of 15 microsites of differing melting date in a large snowbed 
(2 mm soil fraction, Mosquito Range, Colorado, 3650 m). 

Note the opposing trends in pH and P (amonium acetat 
extraction), and the continuous reduction of total N 
(Kjeldahl) with increasing snow duration. K, Ca (extracted as 
for P) and soil moisture do not change (the last two not 
shown). Shaded areas cover ca. 90% of the data points. 
(Stanton et al. 1994) 
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soluble nutrients which accumulate over the 
winter and are released at once during the melt 
(Haselwandter et al. 1983; Bowman 1992; Maupetit 
et al 1995). 

In summary, snowbeds represent a rather 
specific part of the alpine life zone from subtrop- 
ical to polar latitudes, with microenvironmental 
peculiarities and the co-occurrence of a variety of 



plant response types with respect to stress resis- 
tance, development and biomass production. Over 
very short distances and periods of time we find 
extreme changes in life conditions - a natural 
“experiment”, which will continue to provide 
promising opportunities for the study of plant 
adaptation. 




6 Alpine soils 



Alpine plants acquire water and mineral resources 
from substrates which differ in many respects 
from those common at lower altitudes. Over very 
short distances one can find a large variety of 
alpine soil types, ranging from alpine sand drifts 
to peat bogs, from shallow A/C (e.g. rendzina) soils 
to the deeply weathered profiles of some alpine 
grassland soils. Vegetation mosaics closely follow 
these below-ground patterns as was documented 
in a first synthesis by Braun-Blanquet and Jenny 
(1926), and many later studies have substantiated 
and confirmed the tight link between soils and 
plant distribution in alpine terrain (see the 
reviews by Neuwinger 1970, 1980; Gracanin 1972; 
Retzer 1974; Franz 1979). Here I will not enter the 
complicated matter of alpine soil typology (I refer 
to the above texts), but try to summarize some 
generally important aspects of soil formation and 
function in the alpine zone. With respect to the 
geomorphological determinants of alpine soil for- 
mation, I refer to the classical text by Troll (1944) 
and the more recent accounts by Caine (1974), 
Franz (1979), Harris (1981) and French (1996). 
I will first discuss some physical effects on soil 
formation, followed by a section on soil organic 
matter and, related to this, brief comments on soil 
organisms and their activities. Aspects of alpine 
plant nutrition will be considered in Chapter 10. 

Physics of alpine soil formation 

There Are four principal sources or vectors that 
facilitate the local accumulation of fine mineral 
substrate in alpine terrain: (1) on site erosion of 
parent rock, (2) gravity (on and below slopes). 



(3) sedimentation by water or snow (avalanches 
etc.), and (4) sedimentation by wind. Cryogenic 
processes play a role in all four cases. Apart from 
sedimentation in alluvial flats, the coarser matrix 
into which finer sediments fill or attach to initial- 
ly, is created by landslides, glacial deposits, scree 
accumulation or solid rock weathering, and in 
some areas also by volcanic cinders and ashes. In 
the matrix of such coarse materials, the fine sub- 
strate accumulates from the bottom up and may 
not reach the top for a very long time. This 
explains the rich plant life often found on coarse, 
stony fellfields where the fine substrate is buried 
under rock debris (Fig. 6.1). From visual observa- 
tion, alpine scree slopes or rock fields are often 
erroneously considered too dry for plant growth. 
This may not be true, as illustrated by Pisek’s 
(1956) data on water relations of plants growing 
on such “hot”, equator-facing calcareous scree 
slopes in the Alps, and a quick check by removal 
of top layers of coarse material will convince those 
who have doubts. There is usually plentiful mois- 
ture in the ground because of perfect screening of 
the substrate from direct atmospheric forcing. 
However, except for sun-exposed slopes or lower 
latitudes, these substrates are usually rather cold 
for plants, because roots have to grow deep and 
radiant soil warming is very much reduced. 

The accumulation of fine substrate by aeolic 
sedimentation is a particularly important compo- 
nent of alpine soil formation (for references see 
Jenny 1926; Franz 1979; Litaor 1988). Dust deposi- 
tion, commonly associated with drier lowlands, is 
enhanced in the alpine zone - particularly in geo- 
logically “younger” mountains (virtually all the 
large mountain ranges of the world) for several 
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Fig. 6.1. Because the filling of coarse substrate with fine 
material starts at the bottom, “soils” often exist long before 
they become obvious at the surface. These buried substrates 
are commonly rather moist and cool even in otherwise dry 
environments. Wind deposition of dust is an important input 




reasons. Most importantly, the presence of a newly 
eroded landscape provides a steady source. In 
glaciated mountains, glacial silt is a particularly 
significant dust source. Regular local wind systems 
(“mountain winds”) contribute to the steady dust 
allocation, and relief and vegetation enhance its 
local deposition. 

An interesting data set documenting the inten- 
sities of aeolic sedimentation was collected by 
Gruber (1980). He sampled dust from 7-8 month 
old snow fields at 20 alpine and 2 upper montane 
locations in the central Alps and also measured 
dust deposition during the snow-free period from 
6 sites in the same area for 2 years. Excluding one 
site with extremely high deposition rates (see 
below) he ended up with means of 70-80 g of 
mineral dust per m^ during the period of snow 
cover, and 15-30 g in summer, yielding a total 
of about ltha~^a“\ With a given density of 
2.55 gcm~^ and a common pore volume of soils of 
50% he calculated mean annual increments of soil 
profiles in sink areas of 0.08 mm (80 mm in 1000 
years). The full range in his data was 0.01 up to 
1.45 mm per year. The minimum rate of deposition 
would be sufficient to accumulate a layer of 10 cm 
of fine substrate during the whole postglacial 
period. The extreme of 1.45 mm a“^ was recorded 
in the center of the Hohe Tauern region of the 
Alps, downwind of bare phyllitic scree and the 
boundaries of a retreating glacier. Even small sand 
“dunes” are reported for this otherwise rather 



Fig. 6.2. Coarse gravel or scree material often provides the 
first niches for plants to settle. Viola cheiranthifolia, Mt. 
Teide, 3600 m; Tenerife) 



moist area. It should be noted that the total dust 
deposition would be ca. 20% higher if the organic 
dust component was included. Not surprisingly, 
such sand and dust drift phenomena are enhanced 
in mountains of drier regions (cf. Franz 1979). 

Retzer (1974) and Franz (1979) also mention a 
number of examples of long-distance transport of 
dust into alpine sedimentation zones of different 
geology, explaining calcium enriched soils in oth- 
erwise silicatic areas, and siliceous dust in purely 
calcareous areas, which further explains some 
phytosociological peculiarities. Again, the work by 
Franz’s student Gruber (1980) in the central Alps 
revealed some surprising numbers: the annual 
addition of CaCOj in dust to vegetation on non- 
calcareous parent material ranged from 12 to 
1100 kg ha"^ - the latter high value from an area 
with nearby sources, but values as high as 
lOOkgha"^ were found in places with the next 
upwind point source at least 5 km away. 

As a result of such wind-driven allocations of 
fine mineral substrate, alpine soil profiles often 
contain - counter to expectations - large fractions 
of very fine grain sizes. Topsoil layers developed 
under closed alpine grassland on plateaus, not in 
reach of any significant aqueous sedimentation. 
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may contain several decimeters of stone-less very 
fine sand or silt. Holtmeier and Broil (1992) illus- 
trated the strong influence of relief and plant cover 
on such wind-driven soil formations. They found 
loess accumulation in the leeward vicinity of 
islands of crippled conifers above the treeline in 
the Rocky Mts. - whole mini-ecosystems which, 
according to Benedict (1984), may migrate across 
the alpine terrain with a speed of 2 cm per year. 
Alpine loess is reported by Franz (1979) for a 
number of other mountain regions. 

The grain size distribution found in alpine soils 
also depends strongly on the parent material (Fig. 
6.3). Siliceous rock (schist, and particularly granite 
and gneiss) produce coarser initial grain structure 
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Fig. 6.3. Grain size structure in topsoils of three different 
mountain areas (means for the upper ca. 3-15 cm. Note 
the greater fraction of coarse grain sizes in the crystalline 
central parts of the Alps (nine different locations and soil 
types in the Hohe Tauern), the extremely high content of 
finest grain sizes from sites in the northern calcareous 
ranges of the Alps (three locations and soil types on Rax 
Alpe), and the narrow spectrum and relatively coarse grain 
size found in the young volcanic soils of the mountains of 
Ecuador (four locations on Cotopaxi, Chimborazzo and 
others). (Franz 1979) 



than calcareous rock, which, besides humus 
content, has important consequences for water 
holding capacity. Apart from substrate translocat- 
ed as dust, grain size tends to increase with alti- 
tude, because more recently weathered material is 
coarser and alpine soils tend to be younger. Alpine 
soils formed from recent volcanic depositions 
show much narrower (and coarser) grain size 
spectra than those from older depositions. 

Among the physical effects on alpine soil for- 
mation, freezing phenomena play a central role 
(Troll 1944; Johnson and Billings 1962; Smith 
1987). In the short term, the uppermost soil layer 
may freeze in diurnal cycles, which is often asso- 
ciated with needle ice formation. In the longer 
term, deeper soil freezing may occur following 
seasonal cycles. In both cases, soil plus vegetation 
are heaved and the substrate becomes periodical- 
ly loose. On slopes, these frost-induced move- 
ments in combination with moisture loading in 
spring lead to secondary processes such as soil 
creeping (solifluction), and in flat terrain deep 
frost tables can induce waterlogging. The sorting 
and shaping effects of frost heaving of the ground 
are well known, since they occur both in the arctic 
and in the alpine landscape (Troll 1944; Rieger 
1974). Evidence for such cryopedogenetic (or 
“periglacial”) effects in the alpine life zone comes 
from all parts of the world, including tropical 
mountains. There appears to be consensus that 
seasonal frost cycles are far more important for 
soil processes than diurnal cycles. However, for 
plants diurnal frost heaving cycles may be crucial. 
In the following I will give a brief account of both 
types of freezing phenomena. 

Frost heaving of soil results from the develop- 
ment of ice within freezing soil. Diurnal freeze- 
thaw cycles, mainly in the snow-free period at 
higher latitudes and at any time of the year in the 
tropics, penetrate the soil only to a few centime- 
ters, whereas seasonal cycles in higher latitudes 
may reach a meter deep, largely depending on 
snow cover. The volumetric increase at the liquid- 
solid transition of water contributes relatively 
little to the heaving process. The bulk of the 
heaving is induced by the growth of ice-needles or 
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ice-lenses at the freezing front which attracts 
upward migration of water. It requires a special 
soil texture and a combination of a certain rate of 
cooling and soil moisture for the development of 
the most harmful form of topsoil freezing for plant 
seedlings, the formation of bristle-like needle-ice 
(“Kammeis” in German) which may separate the 
upper few millimeters or centimeters of soil from 
the rest by up to 10 cm. Heaving of 1-3 cm is quite 
common, which uproots seedlings and leaves a 
disintegrated, soft soil surface after thaw (Fig. 6.4). 
By spraying paint on frost boils, Johnson and 
Billings (1962) demonstrated that 10% of all 
surface particles were turned after three nights of 
ground freezing. Even closely related plant species 
may exhibit rather different responses to such 
diurnal physical disturbances, as was illustrated 
for two species of Draba at 4250 m altitude in 
the Venezuelan Paramos by Pfitsch (1988). One 
species was found in frost heave locations, the 
other one, although found in the immediate neigh- 
borhood, was located in microhabitats without 
frost heaving. 

However, slight diurnal frost heave of soil may 
also occur without such spectacular needle-ice 
formation. Smith (1987) recorded about 20 diurnal 
frost heave events per year in the Canadian Rocky 



Mts. (a mean of lOfnm per heave), with a season- 
al peak at the end of the growing season (October). 
Thanks to a worldwide review of the needle-ice 
phenomenon by Lawler (1988) a global map and 
altitudinal ranges of its occurrence are available 
(Fig. 6.5). The lower boundary rises from sea level 
in the temperate zone up to 3500 m altitude in the 
tropics, hence it is nearly always far below the tree- 
line. The upper boundary follows more or less the 
line of alpine (shallow) permafrost, which also 
roughly marks the upper altitudinal limits of 
higher plant growth. This means that needle-ice 
formation can be found throughout the alpine life 
zone, worldwide. It occurs during snow-free 
periods, at higher latitudes, peaking early and late 
in the season. 

Deeper penetration of soils by freezing temper- 
atures during the cold season at higher latitudes 
causes massive heaving of bulk soil, leading to all 
sorts of ground-patterns (Troll 1944; Johnson and 
Billings 1962). Fahey (1974) observed up to 30 cm 
vertical movement in the Indian Peaks area of the 
Rocky Mts. in Colorado. Smith (1987) measured 
the soil level continuously for 2 years in the Cana- 
dian Rocky Mts. at 2400 m altitude and recorded 
peaks of 23 to 45 mm in two winters respectively. 
Smaller movements are reported by Matsuoka 




Fig. 6.4. Needle- or hair-ice formation in the uppermost soil 
layer (mostly during clear nights) causes continuous seed 
bed instability and may uproot seedlings. Photograph taken 
at 6 a.m. at 4600 m altitude on Mt. Cayambe, Ecuador 




Fig. 6.5. The global distribution of needle-ice formation in 
the topsoil based on 113 published observations. Note that 
the upper limit is closely associated with the permafrost 
lines indicated for various latitudes (A-D). (Lawler 1988) 
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(1994) for a site with poorly vegetated debris at 
2900 m in the Akaishi Range of Japan. With soil 
frost penetrating below 1 m he measured a heave 
of 20 mm. Matsuoaka explains this comparatively 
small heave by a very high freezing speed which 
prevented more water from migrating to the ice 
front. According to literature reviewed by Smith 
(1987) any freezing below about 25 cm depth does 
not contribute much additional soil heave. Hence, 
it is the uppermost layer of the soil that is lifted. 
Both authors could quantitatively link their obser- 
vations to downslope creeping of soil after thaw, 
which was about 3 cm per year in the uppermost 
10 cm of the profile in the example from Japan 
(slope 29°), and between 0.5 and 0.8 cm a"^ in 
Smith’s experiment (slope 15-20°). Mark (1994) 
reported rates of downhill soil movement of 0.35 
cma“^ in soil strips and hummocks vegetated by 
cushion plants on Old Man Range, New Zealand at 
slopes of only 3-7°, underlining the strong effect 
of slope angle. Gamper (1981) noted a mean 3.7 cm 
per year drift in mobile soil strips at only 2400 m 
altitude on steep westslopes of the Swiss central 
Alps. According his observations, plant cover cor- 
relates negatively with alpine soil strip move- 
ments, but it remains unclear whether cover is 
increased because the stripes became inactive 
(more likely) or whether dense vegetation had sta- 
bilized them. 

On a yearly basis, it is not possible to attribute 
such soil movements to freezing phenomena 
alone. Moisture loading of inclined topsoils plays 
an additional, in many cases, more important role. 
Veit et al. (1995) observed several decimeters per 
year soil creeping, largely due to spring wetting, in 
the Austrian central Alps (see also Veit and Hofner 
1993). The relevant literature contains many more 
examples. 

The magnitude of these displacements is 
important, both for understanding dynamics of 
soil processes, and for estimating the forces plants 
are exposed to by living in such a mobile substrate. 
There are several possibilities of what could 
happen to roots during seasonal soil heaving by 
frost. Cone-shaped ones could be forced out of the 
soil, as was documented by Perfect et al. (1988). 



Cylindrical roots well anchored in deeper soil, if 
solidly frozen would break, whatever the lifting 
rate around the neck. Reversed cones would 
become buried over the years. Some possible mor- 
phological compromises plants may have adopted 
to circumvent these problems are illustrated in 
Figure 6.6. These examples are from the subtropi- 
cal Andes of northwest Argentina (4250 m), where 
vegetation experiences most severe frosts almost 
without snow protection in winter. Most of the 
tap-rooted species in this area have a contractile 
hypocotyl/upper root zone, which apparently 
contributes to retracting the apical bud several 
centimeters below ground after seedling establish- 
ment. Roots tend to be cylindrical, in some cases 
even somewhat bottle-shaped. Still, the only way 
not to break when the upper part is heaved seems 




Fig. 6.6. Thick roots are required for plants to withstand the 
vertical forces created by soil freezing at high altitudes when 
a protective snow cover is missing, as in this case in the 
northwestern Argentinan Andes at 4250 m elevation 
(Lepidium sp.). By their contractive nature these roots also 
gradually pull the shoot apex of young plants several 
centimeters below the ground surface (see also Fig. 12.16) 
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to be to remain unfrozen, i.e. elastic, both a 
mechanical and physiological question that awaits 
testing. Paradoxically, Jonasson and Callaghan 
(1992) found plants from frost heaved soils in 
arctic-alpine polygons to have rather weaker roots 
than those from less disturbed ground, which 
they found to be in line with their observation of 
a general decrease in root diameter with the 
degree of soil disturbance (see also Callaghan 
et al. 1991). 

Once the winter-heaving has been survived, the 
horizontal drift on slopes after the thaw has to be 
managed. At least the latter happens when the 
plant is active and may respond by compensatory 
growth, an interesting area of functional mor- 
phology relating to plant life in steep and mobile 
ground in general. 



On slopes, the long-term consequence of these 
vertical freeze-thaw motions and moisture loading 
of soil is downslope creeping, called solifluction. 
Creeping rates change with depth, soil structure 
and moisture content, and emerging ground pat- 
terns depend on whether the movement is restrict- 
ed to the uppermost soil layers, or includes the 
whole profile. Commonly, upper layers are ahead 
of bottom layers and, in the case of a compact turf 
cover, this leads to pocket formation and revolu- 
tion of the creeping front - a particularly obvious 
form of solifluction (Figs. 6.7, 6.8 and 6.9). This 
type of solifluction leads to a systematic mixing of 
soil strata and creates buried A-horizons. It may 
also lead to terrace formation which could coun- 
teract surface erosion in steep terrain in a similar 
way to the effect of terracing by hoofed grazers 




Fig. 6.7. Solifluction causes soils to creep down the slope (Furka Pass, Switzerland 2500 m). The ground frozen at a deeper 
level and water saturation, particularly at snowmelt, accelerate the process 
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Fig. 6.8. Cross section of a solifluction lobe as shown in 
Figure 6.7. The arrow indicates a buried, dark humus layer 
(cf. Fig. 6.9A) 

(both wild and domesticated). The plant cover 
usually differs consistently between the terrace 
and its front (the top or the front of a lobe), adding 
to microhabitat diversity. 

On less densely vegetated slopes, the substrate 
loosened by frost heaving may creep at even 
higher speeds (see the Japanese example above) 
leaving only specialist plants a chance of surviving 
the mechanical tensions. Usually these are plants 
with very thin and elastic roots, and rhizomes and 
with a high potential for regenerating below- 
ground organs. Traces of roots of some tiny pio- 
neers on such slopes may be found meters uphill 
of their current position. Burial of plants by debris 
or sliding rocks are common. 

Other cryopedogenetic phenomena associated 
with frost heaving are polygon soils, garland and 
stripe formations, frost hummocks (Fig. 6.9) etc., 
all affecting snow depth, microclimate, soil mois- 
ture, nutrient availability and plant exposure to 
mechanical forces, and all these influence plant 
species distribution. There are many examples in 
the literature of vegetation following these ground 
patterns. Jonasson and Skold (1983), for instance, 
noticed basophilous vascular plant species and 




Fig. 6.9. Solifluction (A) and frost hummock formation (B), 
two typical cryopedogenic phenomena in alpine terrain of 
higher altitudes or latitudes. (Johnson and Billings 1962) 



cryptogams on frost heaved polygon ground 
which were absent in the surrounding nutrient- 
poor shrub heath in the northern Scandes. They 
could explain this phenomenon by higher soil 
nutrient contents in the heaved, and thus regular- 
ly disturbed polygon ground. 

Such cryopedogenetic activities increase with 
altitude, latitude and precipitation to evaporation 
ratio, and consequently become more signiflcant 
the steeper the terrain. Except for diurnal topsoil 
freezing, these phenomena are less abundant in 
drier subtropical mountains (locally similar pat- 
terns can be created by salt dynamics in the high 
Andes; H. Veit, pers. comm.), but do exist at higher 
altitudes under more humid tropical-alpine con- 
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ditions, for instance in the Mt. Wilhelm area in 
New Guinea (between 4050 and 4500 m). They are 
also documented for the afro-alpine life zone 
above 3500 m (Loffler 1975 and references therein) 
and above 4300 m in the Andes (Furrer and Graf 
1978). 

Permafrost is not restricted to the arctic, but is 
quite commonly found in high mountains as well. 
Some of it may be fossil, such as in the case of 
passive rock glaciers, the melting of which under 
warmer climates could seriously affect high alti- 
tude ecosystems by slope destabilization; in other 
cases it reflects the current thermal balance of land 
surface and can be continuous or patchy (for ref- 
erences see Pewe 1983; VanTatenhove and Dikau 
1990). The line of continuous alpine permafrost 
commonly matches the line of the upper limit of 
higher plant distribution (Lawler 1988). High alti- 
tude outposts of plants may well be sited on 
shallow substrate directly overlaying permanently 
frozen ground, which severely limits their root 
activity and moisture uptake as described by 
Rawat and Pangtey (1987) for plants growing at 
5600 m in the central Himalayas. At temperate 
zone latitudes, permanently frozen ground may 
locally (predominantly on poleward slopes) reach 
down to treeline altitudes, but at depths which 
mostly preclude a direct interference with plant 
growth (>4m, e.g. VanTatenhove and Dikau 1990; 
but see Fahey 1974, who reports much shallower 
frost tables for alpine fellfields in Colorado). In the 
upper alpine zone, the ground may locally remain 
frozen at a depth of 0.5 to Im as reported by 
Johnson and Billings (1962) for the Beartooth 
Plateau of the Rocky Mts. at 3300 m altitude 
(45°N). At higher latitudes, alpine permafrost is 
found closer to the ground surface, just as it occurs 
in the arctic, with all associated effects on soil 
processes and water relations (Jonasson 1986), and 
it may even extend into forested land (Kullman 
1989). It is important that current alpine soils are 
also seen from a historical perspective. Many soil 
properties may be related to a climatic situation 
several thousand years ago (e.g. to humid periods 
during the late glacial or the Holocene in the Alps 
and Andes; Veit 1993, 1996). 



The organic compound 

The above physical processes create a fine and 
penetrable substrate for plant roots which in many 
cases does not develop much further. Large areas 
of alpine terrain are covered with such raw and 
unstructured ‘‘soils” which are regularly dis- 
turbed by freezing, erosion and displacement, yet 
these soils are inhabited by a large number of 
pioneer plant species and soil organisms. Compact 
growth forms such as cushion plants and cryp- 
togams (mainly mosses), but also many special- 
ized herbs and graminoids are found on such raw 
soils. By accumulating “compost” within their 
dense branchwork, long-lived cushion plants 
partly decouple themselves from the substrate, 
and run their “private” nutrient recycling with a 
rich microflora in an otherwise hostile soil envi- 
ronment (Schinner 1982a, Korner 1993). 

As soon as such substrates become more stable 
and support more extensive and persistent plant 
growth, dead plant material will accumulate 
leading to a succession of developmental stages of 
biologically driven soil formation. This may 
happen over large areas or in crevices of weath- 
ered rock. The two important components that 
now start to interfere with the inorganic substrate 
are accumulation of organic carbon compounds 
and a steady supply of protons as the net outcome 
of photosynthetic reduction of CO 2 . Depend- 
ing on substrate texture, chemical composition, 
water regime, temperature, plant productivity and 
ongoing as well as historical influences by sedi- 
mentation and freezing phenomena, a multitude 
of soil types develop over thousands of years 
(Johnson and Billings 1962; Neuwinger 1970; 
Retzer 1974; Franz 1979; Veit 1993). There are two 
questions to be answered here: why and under 
what conditions does organic material accumu- 
late, and what are the consequences for the in- 
organic soil matrix? 

Per unit land area, soil organic matter (SOM), 
increases with altitude, commonly reaching a peak 
in the montane forest zone, sometimes extending 
into the lower alpine zone. At higher altitudes, 
SOM decreases and reaches close to zero levels in 
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unvegetated substrates. Per unit topsoil dry matter 
(A-horizon) SOM concentration increases with 
altitude as well, but remains high at higher eleva- 
tions, varying more with exposure, age and parent 
material than elevation (between 5 and 50% C of 
soil dry matter, according to Rehder 1970). Almost 
pure organic substrates may be found on some 
mountain tops, as in the case of some high altitude 
rendzinas on carbonate rock. This distinction 
between total pools and layer specific concentra- 
tions is important. 

The reduction of SOM pools in the upper alpine 
zone - again disregarding special situations - is a 
consequence of reduced plant cover, rooted soil 
depth, reduced plant productivity, and generally 
younger age of soils. In essence, it reflects the gra- 
dient of snowpack duration in higher latitudes 
discussed in the previous chapter, where SOM 
is reduced with increasing length of long-term 
means of snowcover (Johnson and Billings 1962, 
Stanton et al. 1994). In the case of snowbeds, SOM 
concentration decreases toward their center as 
well. 

Unfortunately, SOM pools have rarely been cal- 
culated for alpine areas, and without knowing 
physical profile details, the commonly reported 
concentration data can not be accurately con- 
verted. Table 6.1 summarizes some estimates for 
alpine soil profiles in the temperate zone. Accord- 
ing to this limited data set, soil carbon pools in 
mature soils under closed vegetation in the lower 
and middle alpine zone may vary between 5 and 
51kgm"^ (50-510tCha“^), with the higher values 
(31-51 kgCm"^) found in very humic soils under 
Ericaceae dwarf shrubs at lowest altitudes. Values 
between 4 and 22 (Webber and Ebert-May 1977 
report 5-15)kgCm~^ are more typical for closed 
alpine vegetation at medium alpine altitudes (a 
mean of 12 ± 6kgCm"^for the eight locations), 
which is also the range found in crop fields, pas- 
tures and forests at low elevations. A remarkable 
fraction of 6 to 32% of the total C in these mature 
alpine soils is accreted in the C horizon at depths 
of between 0.3 and Im. As reported by Retzer 
(1974) and Franz (1979), profiles with thick peat 
layers are quite common at the treeline ecotones 



around the world, with C-pools possibly even 
exceeding those reported in Table 6.1. 

Since annual net primary production is 5 to 10 
times lower in alpine compared with lowland 
ecosystems, the similar range of soil C pools found 
under closed alpine vegetation is remarkable (see 
next paragraph). Of the total ecosystem C pool, 
only 3-5% are bound in life biomass, 2-3% in dead 
plant mass and litter, and the remaining part of 
>92% is contained in the SOM. For comparison, in 
mature forests a common biomass to SOM ratio 
is 1:1. Roughly similar ratios apply to lowland 
grasslands, with the important difference that at 
lower altitudes SOM is usually diluted over larger 
profiles. According to Table 6.1, SOM concentra- 
tions in the A-horizon in these temperate zone 
alpine soils generally exceed lowland averages by 
factors of 2 to 5 - not including some extremes of 
almost pure organic peat. Similar high concentra- 
tions of SOM are reported for moist subtropical 
and tropical soils. Hope (1976) reports 12-19% in 
the alpine zone >3450 m of Mt. Wilhelm (New 
Guinea), and Rehder (1994) found between 6 and 
13% C in the upper 15 cm of soils on Mt. Kenya at 
4150 m. Vitousek et al. (1992) studied soils on lava 
streams of known age which opens a window to 
the understanding of long-term dynamics of SOM 
at high altitudes. A comparison of soil C pools 
across an age x elevation matrix revealed that C 
accumulation is initially faster at lower elevations 
(on young streams), but later (i.e. on older 
streams) the maximum C pool is found at higher 
elevations, indicating a negative correlation be- 
tween SOM accumulation and plant productivity 
in the long term. 

Why does SOM accumulate to such high con- 
centrations in relatively narrow soil horizons, 
when annual production of new biomass is so 
much smaller at high altitudes? In young “expand- 
ing” soils, SOM accumulates because the mean 
residence time of C in SOM compared with life 
biomass is much longer. The life span of a leaf may 
be one season, e.g. 60 days. The full structural 
decomposition of its remains may take 2 years in 
high alpine forbs, 5 years in sedge leaves and 10 or 
more years in evergreen leaves of dwarf shrubs. 
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Table 6.1. Estimates of soil carbon pools per unit land area at lower and medium alpine altitudes of temperate zone 
mountains^ 



Location 


%C (dry wt.) 
in A-horizon 


Thickness of soil horizons (cm) 


Total pool 
(kgCm-^) 


Carbon in 
C-horizon 
(% of total) 




(0+) A + B 


C-horizon 


A. Rocky Mts. 
(>3500 m) 
Basalt 


14 


36 


58 


22 


24 


Schist 


15 


25 


67 


15 


14 


Granite 


4 


46 


14 


4 


10 


Quartzite 


10 


56 


26 


10 


6 


Shale 


7 


23 


53 


7 


29 


Limestone 


8 


46 


30 


8 


14 


B. Alps (Tirol) 
(Mica schist) 
Dwarf shrub 
heath 1980 m 


49 


63 


35 


51 


10 


Prostrate shrub 
heath 2000 m 


13-81 


51 


25 


31 


18 


as above but at 
2180m 


30 


30 


22 


18 


9 


C. Alps (Switzerland) 
(Mica schist) 

Sedge turf 2470 m 


5-14 


30 


30 


9 


32 


D. Low altitude soils 
Tilled crop land 
Pastures 


1- 3 

2- 7 




1 m profile 


5-20 

10-30 


- 


Lowland forests 


2-5 






10-30 


- 



Calculations are based on thickness, pore volume, volume density and % SOM for different soil horizons where provided by 
authors and assuming that 50% of SOM is carbon. Where pore volume and/or density numbers were missing (A, partly B), pore 
volumes of 65, 50 and 40% for A, B and C horizons respectively, and a solid density of the mineral substrate of 2.5gcm“^ were 
assumed. Except for C , stone volumes were unknown and remained unaccounted. With the given uncertainties and necessary 
interpolations these numbers are only approximate and possibly not better than ±30%. For A, type of vegetation and altitude 
are not specified; data from Retzer (1974 p. 779). B, dwarf shrubs: Vaccinium myrtillus at treeline; prostrate shrub: Loiseleuria 
procumbens; wind exposure sharply increases with altitude; from Larcher (1977 p. 312). C, closed turfs of Carex curvula, from 
Korner et al. (1996, Swiss Alps); Danneberg et al. (1980), Austrian Alps - both studies revealed similar numbers). D, ranges for 
lowland soils were taken from Schachtschabel et al. (1982). 



periods substantially longer than those observed 
at low altitude, where most leaf litter is recycled 
within a year. For stable situations where annual 
input of C equals annual output, the net produc- 
tion of SOM per year approaches zero. 

Naturally senesced previous season litter of 
Carex curvula exposed at the soil surface for one 
season at 2470 m altitude in the Swiss Alps lost 
only 20% of its initial mass during the 10 week 



season, while low altitude samples collected and 
exposed in a meadow at 570 m altitude had almost 
disappeared within a 7 month period of exposure 
(Arnone and Hirschel 1997). No doubt even this 
first step of carbon recycling is substantially 
delayed at high altitude. 

However, the delay of litter break down at alpine 
altitudes is not only a consequence of the shorter 
snow- free period. Schinner (1982b) compared 
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Fig. 6.10. Decomposition of leaf material at contrasting 
altitudes in the Alps and some associated substrate and 
microbiological characteristics. Plant samples were exposed 
in mesh bags 2-3 cm below the soil surface. Note the inverse 
relationship of cellulase activity and the number of cellulytic 
bacteria. (Schinner 1982b) 



the rate of litter decomposition and associated 
microbial parameters across a 1000 m transect 
(1 560-2550 m) in the Austrian Alps (47°N) within 
the snow free period and found remarkable dif- 
ferences (Fig. 6.5). At the high altitude site only 
46% of the herbaceous leaf material exposed in 
meshbags 2-3 cm below ground had decomposed 
between May and October, compared with 86% 



at the low altitude site during the same period. 
Cellulase activity was only half as high but the 
number of cellulolytic bacteria was several times 
higher at the upper site. The fraction of decom- 
posable organic matter in the topsoil was much 
lower in the alpine site. Hence, it appears that 
microbial activity is reduced under alpine field 
conditions, but microbe numbers are rather 
increased, suggesting much slower bacterial 
turnover. This is in line with observations that soil 
CO 2 evolution decreases with altitude when sieved 
soil samples are exposed to the same incubator 
temperatures (Schinner and Gstraunthaler 1981; 
Schinner 1982b; Davis et al. 1991). 

In the next step, carbon gradually enters the 
SOM pool by further microbial action and forms 
complex compounds, some of which may take 
many thousands of years to become “recycled” and 
ultimately leave the SOM pool as CO 2 , CH 4 or some 
other gaseous or soluble compound. For instance, 
the mean age of C in humic acids (one of the most 
resistant group of “humus” compounds) in bogsoil 
was determined as 5400 years (see Schachtschabel 
et al. 1982), other compounds such as fulvonic 
acids may take “only” 2000 or 3000 years for turn- 
over and some low molecular weight carbon com- 
pounds may be recycled instantly. Danneberg 
et al. (1980) analyzed the humus fraction of alpine 
turf soils in the Austrian Alps at 2300 m. Their data 
indicate that the 12 kg of C they identified per m^ 
of ground, largely consists of colloidal compounds 
(7kgCm"^in the B-horizon alone) with the highly 
polymeric, stable, gray humic acid complex dom- 
inating below the A-horizon (40% of all “humic 
compounds”). 

It depends on the metabolic activity of decom- 
posers whether and how fast SOM will accumulate 
in such developing soils. For most of the time 
alpine soil temperatures are below 5°C, except for 
a couple of warm weeks during the growing 
season, when radiant soil warming may occur (see 
Chap. 4). The same substrate will always take 
longer to decompose in the alpine zone as com- 
pared to lower altitude. Schinner and Gstraun- 
thaler (1981) found a fourfold increase of CO 2 
release in sieved soil samples between 4 and 18°C. 
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At the same temperature, the alpine samples 
always exhibited lower rates of release than the 
lowland samples. Hence, both substrate properties 
and the climate prolong the mean residence time 
of C in alpine soils. The system reaches an equi- 
librium when, under a given constant input of new 
compounds of the same nature, the mean life span 
of the oldest components (statistically) expires. 
The mean life span of SOM compounds deter- 
mines the time it takes to reach such an equilibri- 
um state. The rate of input is driven by the rate of 
plant growth. If substrate conditions become more 
unfavorable for growth and/or nutrient recycling 
due to SOM accumulation, we have a classic 
negative feedback loop. This is what commonly 
happens during alpine zone soil development. The 
moister and cooler the location, the more pro- 
nounced will these negative feedbacks be. 

According to Mahaney (cited by Retzer 1974), it 
takes alpine soils in the Rocky Mts. about 10000 
years to reach a thickness of 30 cm (1000 years for 
the first 20 cm) and structured three-horizon soils 
are least 2000 years old - a period during which 
pH drops by two orders of magnitude while soil 
organic matter increases from zero to about 6% of 
soil dry weight (ca. 100-200tCha“^ as result of a 
mean net addition of only 5 to 10gCm”^a“^). Well 
developed alpine podsols in the Austrian Alps date 
back to the early Holocene (Veit 1993). Thus, soil 
formation at high altitudes is a very slow process, 
underlining the overriding significance of soil 
conservation in the alpine zone. Once removed, 
there is no way to replace alpine soils within his- 
torical dimensions of time. Since the soil-vegeta- 
tion complex stabilizes slopes, its disintegration 
in steep terrain is one of the key components of 
downslope risk for human life. 

The interaction of organic and 
inorganic compounds 

In chemical terms, plant life is a reduction process. 
Wherever plant products accumulate, protons 
accumulate as well. Plant wastes acidify the soil. 
Nowhere else than in cold and moist environ- 



ments, where recycling of plant products is 
delayed, is this acidification more pronounced. 
The dynamics of alpine soils are primarily driven 
by this strong acidification process (pH < 3.5 not 
uncommon). Acids mobilize cations, which inter- 
act with the raw material provided by the physical 
soil-forming processes discussed in the previous 
section. Danneberg et al. (1980) quantified the 
downward allocation of humic acids in alpine turf 
soils and found a peak early in the season. The 
seepage of acids into the lower soil layers released, 
for example, free manganese and aluminum ions, 
the concentrations of which in the soil solution 
would be considered toxic by lowland standards 
(Posch 1980). Moisture availability is the key deter- 
minant of such processes. Litaor (1988) concluded 
from his 5-year studies of the chemistry of soil 
solutions on Niwot Ridge, Colorado, that precipi- 
tation effects per se overshadow any possible effect 
of acid rain deposition on the ionic composition 
in soil water in such acid alpine soils. He also 
found that the concentration of free aluminum 
and iron in the soil solution was correlated with 
the total amount of dissolved organic compounds 
in the soil. 

Whether and how fast the steady top-down flow 
of acids removes essential mineral nutrients from 
the rooting zone depends on the chemical nature 
and texture of the inorganic matrix. The interplay 
of the two determines the nutritional regime of 
plants which drive the whole cycle. The input of 
basic cations by aeolic depositions or erosion and 
the intermingling of soil horizons by frost driven 
perturbations such as solifluction can partly 
reverse the otherwise unidirectional flow of nutri- 
ents. These processes are much more significant 
for plant nutrition at high compared with low alti- 
tudes because other vectors for soil regeneration, 
most importantly earthworms, are largely missing. 

The higher the altitude above the treeline, the 
less is soil formation co-determined by animals. 
Franz (1980) mentions the negative effects of 
ground freezing and calcium shortage in acid 
alpine soils on earthworms, and the range of only 
a few species appears to include the alpine grass- 
land belt (sporadic observations of Octolasium 
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and Dendrobaena sp. in the Alps; Franz 1979, p. 
257). However, Schinner (1982b) found no differ- 
ence in litter decomposition whether he included 
or excluded soil fauna by selecting certain mesh 
gauges. The diversity of soil fungi decreases with 
altitude and the species composition changes in a 
characteristic manner (Table 6.2). Also, a lower 
abundance of plant-mycorrhiza has been found at 
high altitudes (Haselwandter 1987; see Chap. 10). 
On the other hand, diversity and abundance of 
bacteria is high. Schinner et al. (1992) isolated 130 
different strains of microorganisms in alpine envi- 
ronments of the western and eastern Alps which 
can survive and multiply at 0°C. Of these 77% 
were bacteria, 20% yeasts and 3% hyphomycetes. 
Almost half of the bacterial strains were found to 
excrete protease into cultivation media when 
grown at 10°C. Most of the bacterial strains were 
found to belong to the genus Pseudomonas. 
Mancinelli (1984) conducted a very detailed analy- 
sis of bacterial diversity on Niwot Ridge, Colorado, 
and found Pseudomonas and Bacillus to be most 
abundant and he also detected high proteolytic 



activity with characteristic seasonal fluctuations. 
Dinitrogen fixing as well as nitrifying and deni- 
trifying bacteria are abundant in alpine soils 
(Wojciechowski and Heimbrook 1984, Mancinelli 
1984; see Chap. 10). 

In summary, the high concentrations of soil 
organic matter in many alpine soils are the result 
of both direct negative effects of the climate on 
organic matter recycling, and the negative feed- 
backs of SOM accumulation on the soil milieu via 
acidification. Acidification together with high pre- 
cipitation/evaporation ratios affect the mineral 
nutrient balance, and thus nutrient availability 
for plants (see Chap. 10). Despite these ‘‘adverse” 
effects on alpine soils, we find a large number of 
plant species, growing under these soil conditions, 
although at comparatively low rates. When one 
sees a fully blooming high alpine turf at pH < 4 - 
(see color Plate 2 at the end of the book) or a col- 
orful fellfield community at the mouth of a glacier, 
doubts rise about our concepts of “limitation” and 
our judgement of what is a “good soil”, based on 
lowland standards. 



Table 6.2. The altitudinal distribution 
of certain dominating soil fungi in the 


Altitude 


1560 m 


1920 m 


2300 m 


2550 m 


Alps. Note the decreasing diversity 
with increasing altitude; only 1 out of 


Vegetation 


Meadow 


Pasture 


Alpine turf 


Fellfield 


18 genera appears to be present across 


soil pH 


6.3 


4.1 


3.4 


3.5 


the whole 1000 m transect. (Schinner 


Fungal species: 










and Gstraunthaler 1981) 


Cheatomium homopilatum 








x-x- 




Cladosporium herbarum 






X- 


x-x- 




Chrysosporium pannorum 






X- 


x-x- 




Monascus sp. 






X- 






Paecilomyces sp. 






X- 






Fusarium sp. 
Trichocladium opacum 




X- 


X- 






Trichoderma inflatum 




X- 








Aspergillus versicolor 




X- 








Aspergillus fumigatus 


X- 


X- 








Cylindrocarpon sp. 


X- 


X- 








Pseudogymnoascus sp. 


x-x- 


x-x- 








Volutella sp. 


X- 










Monilia sp. 


X- 










Penicillium sp. 


x-x- 










Mucor racemosus 


X- 










Mucor parvisporus 


X- 


x-x- 


x-x- 






Mortierella sp. 


X- 


X- 


x-x- 


x-x- 
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6 Alpine soils 



In this section I took a rather general approach, 
discussing aspects that may apply to the majority 
of mountain areas with ample water supply and 
with a focus bn areas with closed vegetation on 
reasonably well developed soils. In three circum- 
stances alpine plants may grow and thrive in sub- 
strates in which these trends do not apply: (1) in 
unstable substrates where soil formation does not 
occur, (2) in arid mountains, where moisture 
shortage limits biomass production, accumulation 
of soil organic matter and humic-acid dynamics 
as described above, and (3) in young calcareous or 
volcanic substrates. 



In all three cases we find rather species-rich 
high altitude floras, but the ground cover and pro- 
ductivity is so low and/or the mineral nutrient 
status of substrates is so favorable that the above 
soil constraints do not apply. Further, higher plant 
life extends to altitudes far beyond the level were 
“soils” exist. Patches of sand and debris at altitudes 
above 4000 m in temperate latitudes and above 
5000 m in tropical latitudes support plants whose 
root environment is essentially inorganic. Soil 
processes in the classical sense do not add to the 
explanation of the success of these high altitude 
specialists. 




7 Alpine treelines 



Treelines, wherever they occur, at thermal, 
drought, nutritional or salt stress gradients repre- 
sent an abrupt transition in life-form dominance; 
lines beyond which massive single stems and tall 
crowns either can not be developed, become un- 
affordable or are disadvantageous (Fig. 7.1). Why 
do trees disappear above a certain elevation, what 
causes the alpine zone to be treeless, i.e. “alpine” ? 
The answer to this question would also indicate 
which functional attributes alpine plants must 
have to be where trees are unable to be. Thus, there 
is a reciprocal interest in this question, upslope 
for forest ecology, and downslope (because of its 
lower boundary) for alpine ecology. 

The alpine treeline is possibly the best known 
and most studied of all distributional boundaries 
of trees, but still awaits a conclusive functional 
explanation that withstands testing across the 
non-arid mountains of the world. In this chapter, 
which builds on a recent review (Korner 1998), I 
will first illustrate the global patterns of treeline 
positions and their climatic relatedness, and will 
then discuss approaches towards a mechanistic 
interpretation of alpine treelines. It is only the 
general pattern which is of interest here, not the 
regional or local peculiarity. 

About trees and lines . . . 

what is a “tree”? What is a “line” in plant distrib- 
ution? Although these two questions sound trivial, 
confusion about their answers has contributed to 
a century-long treeline discussion. I will try a 
short-cut. For practical reasons, a “tree” in the 
current context is defined as an upright woody 



plant with a dominant above-ground stem that 
reaches a height of at least 3 m, independently of 
whether reproduction occurs or not. This height 
assures that such a tree would have its crown 
closely coupled to prevailing atmospheric condi- 
tions (in contrast to low stature plants which 
strongly modify their climate, as was shown in 
Chap. 4) and would protrude through even deep 
snow and the height reached by large herbivores 
foraging in winter. Plant types with tall perennial 
structures such as bamboo, cacti or giant rosettes, 
also found at high altitudes, are considered special 
life forms not included in the term “tree”. Whether 
the few species of tropical-alpine giant rosettes 
actually do grow above the true climatic treeline 
may be questioned (see also below). 

The definition of a “line” is more delicate, 
because “any natural boundary is in reality a tran- 
sition zone, which has its own two boundaries. 
They are, in turn, also transition zones with their 
own boundaries, and so on endlessly. So localiza- 
tion of a natural border is in principle inexact 
and therefore determined by convention”. Thanks 
to Armand (1992) for this refreshing end to the 
debate! 

What are useful conventions? There are several 
in use. The upper “limit” of the closed forest has 
been called the “timberline”, but “closure” rarely 
ends abruptly, nor does it always require logs of 
“timber” size to establish a forest. A more common 
situation is a gradual decline of tree size and 
opening of the canopy. The upper limit of the 
occurrence of tree species, i.e. the uppermost out- 
posts of individuals in the so-called “kampfzone” 
is another approach, but this “tree species limit” 
may conflict with the definition of “tree” given 
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Fig. 7.1. The lower boundary of the alpine life zone: the alpine treeline. Left near Haast Pass, South Island, New Zealand at 
1200 m (Nothofagus menziesii); right on Pico di Oricaba, Mexico, at 4000 m, (Pinus hartwegii) 



above or put too much weight on peculiar micro- 
habitat conditions (in the case of isolated tree 
outposts). The “treeline” (or forest line) takes 
a middle position (preferred here) and roughly 
marks a line connecting the highest patches of 
forest within a given slope or series of slopes of 
similar exposure. This definition corresponds to 
the one used by Brockmann-Jerosch (1919) and 
Daniker (1923) in their classical monographs on 
treeline biology of the Alps, and it is the definition 
used by Hermes (1955) in his global survey (see 
below). Since “timberline” and “treeline” are 
coupled boundaries the fundamental mechanisms 
causing their general position should be similar. 
While forest line would terminologically be more 
adequate, I retain “treeline” because this term is in 
wide use and has become self-explanatory. 

As already mentioned in Chapter 2, the term 
subalpine will not be used here in order to avoid 
confusion, as Love (1970) comments: “one can only 
sadly state that utter confusion reigns, and it is 
almost necessary to know where, geographically, 
and to which “school” the discussant belongs in 
order to make sense out of chaos and misunder- 



standing”. A logical definition would be the tran- 
sition zone (“ecocline”) between the upper limit of 
the closed montane forest (the timberline?), and 
the tree species line (i.e. the beginning of the tree- 
less alpine zone), but not everybody might agree 
on that. Subalpine parkland is another plausible 
term for this transition zone (Rochefort et al. 
1994). In central Europe closed forests, several 
hundreds of meters below the treeline, are often 
termed subalpine, which would correspond to 
what is called upper montane forest in other parts 
of the world. 

Current altitudinal positions of 
climatic treelines 

First the distributional pattern of treelines needs 
to be documented. At which altitudes are climatic 
treelines situated across the world? Besides the 
above mentioned classics for the Alps, a large 
number of authors have described the worldwide 
positions of treelines in the past (Troll 1973; 
Wardle 1974; Franz 1979; Baumgartner 1980; Arno 
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1984). Historical trends were reviewed recently by 
Rochefort et al. (1994). For tropical and subtropi- 
cal mountains, reviews were published by Ohsawa 
(1990), Miehe and Miehe (1994) and Leuschner 
(1996). The most extensive quantitative analysis so 
far has been done by Hermes (1955) who pub- 
lished his results in a local geographical report and 
in German, the reason why it may not have 
received the attention it deserves. The following 
discussion will lean heavily on the Hermes data 
set, extended by 26 entries from Wardle (1974), a 
few points from Arno (1984) and my own obser- 
vations (cf. Korner 1998). The snowline was 
included because it is a purely physics-driven ref- 
erence (Troll 1961); a thermal boundary which 
connects points, above which the ground remains 
snow covered throughout most of the year, and 
precipitation falls as snow (an approximation of 
the elevation of the 0 °C isotherm of the warmest 
month). The resultant 120 data pairs for treeline 
and snowline, plus 30 individual treeline numbers 
were used for the polynomial regression analysis 
shown in Figure 7.2. Subsets of data for three 



north-soutn transects are shown in Figure 7.3, 
of which the one for the two Americas is most 
instructive. 

The data in Figures 7.2 and 7.3 quantify trends 
which in principle have been noted repeatedly in 
the literature (for references see Troll 1973; Miehe 
and Miehe 1994). A linear regression of the alti- 
tude/latitude relationship in the northern hemi- 
sphere between 70 and 45°N yields a change in 
treeline altitude of 75 m per degree. Over the whole 
temperate/subtropical transition (50 to 30°N) the 
slope is 130 m per degree of latitude. The lower 
slope at higher latitudes fits the analysis by Maly- 
shev (1993), who found a range of between 70 and 
90 m per degree for various transects in northern 
Asia. Adopting a worldwide perspective these 
patterns suggest that: 

1. There is no strict correlation between the alti- 
tude of the alpine treeline and latitude, even 
if one accounts for the thermal equator being 
6-7° north of the geographic equator. There is 
a steep, almost linear increase in treeline alti- 




Fig. 7.2. The latitudinal position of treeline and snowline taken from a worldwide survey by Hermes (1955), completed using 
data from various other sources. Further details in the text 




80 



7 Alpine treelines 




North South 

Latitude 



Fig. 7.3. Subsets of data taken from Figure 7.2 for three 
latitudinal transects. Top: this transect is most complete and 
follows the cordillieras of the two Americas. Middle: all 
European mountains, the Atlas and the equatorial mountains 
of Africa. Bottom: the bulk of the data for Asia (from 
Caucasus to Japan), connected via Indonesia to the 
mountains of Australia and New Zealand 

tude in the temperate zone, with the maximum 
altitude reached in the subtropics at 32°N and 
20°S lat. Over a range of about 50° across the 
equator, treeline position does not change 
significantly with latitude. 

2. The variation around the latitude specific mean 
is small in the Southern Hemisphere (north- 



south stretching cordilleras of South America, 
mountains of Indonesia, New Zealand etc.) and 
is large in the Northern Hemisphere, where the 
bulk of mountain masses is situated in conti- 
nental areas. For instance, at 40°N, treeline alti- 
tudes vary between 2100 and 3700 m altitude. 
In the Alps alone, at 47°N, the range is 1600 to 
2300 m over short distances. Climatic factors 
not closely related to latitude must have a 
strong influence on treeline formation. Hermes 
(except for Alaska) did not differentiate humid 
coastal slopes (commonly with lower limits) 
and drier inland slopes (with higher limits), 
causing a great deal of the altitudinal scatter 
seen in Fig. 7.2. 

3. The above biological trends run parallel to 
physical trends illustrated by the snowline. The 
snowline, like the treeline, does not vary signifi- 
cantly over the same 50° span of lower latitudes. 
In fact, there is a depression in the snowline alti- 
tude around the thermal equator, between 
0-10°N, which might have been seen in the tree- 
line as well, if more data had been entered for 
these latitudes. The combination of these two 
data sets suggests a common physical driver for 
snowlines and treelines across the globe. 

4. The distance between treeline and snowline, 
which roughly corresponds to the altitudinal 
range of the alpine life zone (if plants living 
above the snowline are disregarded here), 
varies between 800 and 1600 m, with a mean of 
about 1100 m (subantarctic Chile and Argenti- 
na disregarded, where the range is narrowed to 
300 m). The distance reaches a maximum in the 
subtropics, and there are smaller values in the 
temperate zone and equatorial tropics. It is 
important to note that the narrowing trend at 
low latitudes is not restricted to the humid 
tropics, but starts in the subtropics. 



Treeline-climate relationships 

Any discussion of vegetation-climate relationships 
suffers from three fundamental problems, namely 
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(1) auto-correlation between different climate 
factors, (2) averaging procedures, and (3) from the 
uncertainty of whether present or past climates 
are reflected in the current patterns (see section 
on palaeo-treelines below). After having explained 
these problems I will discuss two questions: does 
the worldwide distribution of treelines follow a 
common thermal boundary, and if so, which? And 
what explains the intrazonal variation and the 
pantropical plateauing of treelines? 

Auto-correlation: at the same altitude, lower 
latitude is associated with higher mean tempera- 
tures, lower seasonal amplitudes of temperature, 
longer duration of the growing period, larger 
diurnal amplitudes of temperatures (Fig. 3.2), 
higher solar angles and peak radiation, and often 
decreasing cloudiness and precipitation/evapora- 
tion ratios. In the case of the alpine treeline all 
these components of the climate may be impor- 
tant, even if one of them, such as a certain tem- 
perature mean, shows a reasonable correlation 
with treeline position. 

Means are generally problematic, as will be dis- 
cussed, but often this is the only information avail- 
able. It is not helpful for an understanding of 
the treeline phenomenon to state that “everything 
matters”, that all climatic factors must be consid- 
ered, that climatic means cannot be used etc. and, 
instead of carefully applying available data, pro- 
viding verbose elaborates which do not bring us 
any nearer to solving the problem. Existing data 
should allow us to rank environmental factors and 
pinpoint the key ones in a first approximation, 
even if some other determinants may become 
important at times as well. When doing this, a 
distinction needs to be made between gradual 
influences of a factor (e.g. effects of temperature 
on growth) and threshold factors (e.g. effects of 
extreme temperatures on survival). 

Past, and not current climates may have deter- 
mined treelines. Because of the long life span of 
many treeline forming species, and resilience of 
established forest communities to environmental 
changes, substantial outphasing between climate 
and treeline position is to be anticipated. Ives 
(1978) said: “to relate natural timberlines in 



Colorado to climatic parameters of the twentieth 
century will have an air of unreality in face of the 
trees’ ability to persist through perhaps several 
thousand years”. The Methuselahs of treeline trees 
Ives refers to are quite rare (Klotzli 1991), but a 
few hundred years of climatic carry-over stored in 
today’s treelines is plausible. 

These difficulties severely constrain local expla- 
nations of climatic treelines, but on a global scale, 
they will only increase the noise around an overall 
relatedness to environmental drivers (which we 
seek here) and, perhaps, introduce some system- 
atic “error” (lags) with respect to global trends of 
climate. There is also a practical problem: hardly 
ever are climate data and treeline positions pub- 
lished together, and climate stations are common- 
ly not where natural treelines are. Adequate data 
for solar radiation are non-existent for treelines of 
most parts of the world. Fortunately, temperatures 
of tree crowns near the treeline are relatively close 
to air temperatures (Grace 1977; Goldstein et al. 
1994), and also soil temperatures tend to be closer 
to mean air temperatures under trees than under 
treeless vegetation (Winiger 1981; K5rner et al. 
1986; Miehe and Miehe 1994). Though usually 
better coupled to the atmosphere than lowland 
forests, dense tree canopies at the treeline, may 
still warm up by 1-2 K (long-term means) com- 
pared with the air temperature, and in a few 
instances larger deviations have been reported 
(see the discussion in Korner 1998), this is not 
specific to treelines but is true everywhere. Finally, 
at higher latitudes, correlations with temperature 
(on which I will focus here) do not allow a dis- 
tinction between direct effects of temperature 
and effects induced via variable duration of the 
growing period - both are operating in the same 
direction. 

Back in the nineteenth century, alpine treelines 
were repeatedly quoted as coinciding with a mean 
air temperature of the warmest month of about 
10 °C (for references see Brockmann-Jerosch 1919; 
Daubenmire 1954; Holtmeier 1974; Grace 1977). 
From the data I have extracted from various 
sources and plotted in Figure 7.4 (uppermost line) 
it seems that this is a temperate zone perspective 
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Fig. 7.4. Temperatures at alpine treelines for various 
latitudes (sites for which the seasonal course of temperature 
was available). Upper line Mean temperature of the warmest 
month. Middle line Mean temperature for the growing 
season, for sites north of 28° lat calculated from monthly 
means for May, June, July, August and September. Lowest line 
Temperatures for extremely high altitude patches of forest. 
Where interpolations were necessary, the local seasonal 
adiabatic lapse rate was used (between 0.45 and 0.6 K/ 

100 m). Treeline sites and altitude (extreme): 1 Kilimanjaro 
(3950 m), 2 Mt. Wilhelm New Guinea 3850 m (4100 m), 3 Bale 
Mountains, Ethiopia 4000 m (4100 m, only rough estimates 
of temperature), 4 Venezuelan Andes 3300 m (4200 m), 5 
Polylepis record northern Chile 4900 m, 6 Khumbu Himal 
(Everest region) 4200 m (4420 m, both altitudes for sunny 
slopes, 200 m less on shade slopes), 7 White Mountains, 
California 3600 m, 8 Front Range, Rocky Mountains 
Colorado 3550 m (3900 m), 9 Central Alps 2100 m (2500 m), 

10 Rocky Mountains, Alberta 2400 m, 11 northern Scandes, 
Abisko 680 m (750 m). Island mountains not considered in 
the lines fitted to the data: 12 Maua Kea, Hawaii 3000 m, 13 
Craigiburn Range New Zealand 1300 m, 14 Cairngorms, 
Scotland 600 m. Data for the coastal Mt. Rainier near Seattle 
range halfway between island and mainland data, but were 
omitted for clarity. Compiled from data by Arno (1984), 
Aulitzky (1961), Goldstein et al. (1994), Grace (1977), Hermes 
(1955), Hnatjuk et al. (1976), Lauer (1988), Lauscher (1977), 
Miehe (1989), Miehe and Miehe (1994), Rundel (1994), 
Sonesson and Hoogesteger (1983), Troll (1973), Wardle 
(1971,1974) 



of the world. For instance, the treeline on Mt. 
Wilhelm in New Guinea at 3850 m (5°S) lies at a 
mean air temperature of only 5.6 °C (there is only 
a 0.3 K “seasonal” variation). Similarly, low mean 
temperatures apply to climatic treelines in the 
afro-alpine and tropical-Andean climate (Miehe 
and Miehe 1994; climate data by Rundel 1994). 
According to Wardle (1971, his Table 1) the tree- 
line in the Craigieburn Range in New Zealand 
(1300 m, 43°S) matches with the 11.6°C isotherm 
for the warmest month, i.e. twice the number for 
New Guinea. In the central, more “continental”, 
part of the Alps the mean air temperature of the 
warmest month measured right at the treeline at 
2100 m (47°N) for 6 consecutive years was 9.5 °C 
(Aulitzky 1961), close to Daubenmires numbers 
for the Rocky Mountains. In the Scottish Cairn- 
gorms (58°N) Pinus sylvestris grows up to 600 m 
altitude with a July mean of ca. 11.4°C (Grace 
1977). Ohsawa (1990) lists numbers for Hokkaido 
which suggest a warmest month mean for the 1600 
m treeline of 12.4 °C , similar to the 13 °C reported 
by Takahashi (1944) for the birch treeline at 
2350 m in the Hida Mountains. Finally, a subarctic 
example: the upper limit of the birch forest (not its 
“krummholz”-form) at ca. 680 m altitude in north- 
ern Sweden (68°N) coincides with a mean air tem- 
perature of the warmest month of 10.5 °C. The 
mean for the arctic treeline in Siberia is 11.2°C 
(Malyshev 1993). 

The “warmest month” rule systematically 
overestimates the actual temperatures during the 
growing season at higher latitudes. Since growth is 
much more sensitive to temperature than photo- 
synthesis (see below) and because most of the 
expansion growth in this part of the world 
happens early in the season when temperatures 
are still low, this temperature is also of limited 
physiological relevance. Accordingly, Malyshev’s 
(1993) very detailed analysis of the latitudinal 
variation of the upper treeline in northern Asia 
showed that temperatures exceeding either 0 or 
5 °C are clearly more effective in controling tree- 
line position, than temperatures exceeding 10°C. 
Ellenberg (1963) has already suggested counting 
the days with means of air temperature above 5 °C, 
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and he found that 100 days fit treeline positions 
much better then warmest month means. Aulitzky 
(1961) reports that soil at a depth of 5 cm exceeds 
5°C for 128 days at the central alpine treeline of 
Tirol, but climatic data permitting such an analy- 
sis are hard to obtain for other regions. 

The few treeline temperatures for whole 
growing seasons I could find illustrate a much 
smaller discrepancy between treeline tempera- 
tures across latitudes (lower thick line in Fig. 7.4). 
While warmest-month temperatures differ by 5 K 
(extreme 8K) between temperate and tropical 
treelines, seasonal means differ by only 1 K. With 
more detailed information on diurnal courses, it 
could possibly be demonstrated that this remain- 
ing difference is due to a greater weight of night- 
time temperatures in the calculation of means for 
the tropical treelines compared with high latitudes 
where nights are shorter during the growing 
period. In other words, the tropical means are 
slightly depressed relative to the temperate zone 
ones by the tropical 12 h nights. On a daytime-only 
basis this remaining latitudinal difference is likely 
to vanish. 

Finally, higher seasonal mean temperatures at 
higher latitude treelines may be a consequence of 
averaging. Since most plant-temperature respons- 
es are non-linear, means composed of fairly con- 
stant temperatures, as in the case of arctic-alpine 
treelines, versus numerically identical means, 
resulting from a wide amplitude, as in the tropics, 
differ in their biological meaning. If metabolic 
processes, such as mitochondrial respiration, with 
exponential temperature responses are related to 
the treeline phenomenon (as suggested by Dahl 
1986), one would indeed expect higher arithmetic 
mean temperatures at treelines of higher latitudes. 
This discussion illustrates the difficulties in using 
means when biological processes are encountered. 
A careful latitudinal comparison of treeline cli- 
mates based on the frequency distribution of 
hourly means of temperatures or thermal sums 
above certain thresholds could clarify the situa- 
tion. Dahl (1986) found a close correlation 
between high latitude tree distribution and the 
temperature of the three warmest months. 



Treelines on islands and forest outposts don’t 
fit the overall pattern. The season means for the 
Cairngorms in Scotland and for Mauna Kea in 
Hawaii are at least 3 K above those of the mainland 
mountains, which must be related to the maritime 
climate (Wardle 1974; Leuschner 1996). A missing 
‘‘Massenerhebungseffekt” (see below) cannot be 
stressed here, because we talk about actual tem- 
peratures and not altitudes. Higher wind speeds 
(tighter atmospheric coupling, Grace 1977,1988) 
and greater cloudiness may be one explanation, 
and the use of means of a fairly buffered island 
climate compared with means of oscillating cli- 
mates (see above) is another. 

Forest patches beyond what is commonly 
believed to be the “proper” climatic treeline are 
more difficult to explain (lowest line in Fig. 7.4). 
They do occur in all parts of the world and at air 
temperatures (according to nearest met-station 
data) between 2.5 and 5°C. For instance, in the 
Swiss Alps near Zermatt groups of “proper” Pinus 
cembra trees can be found on rocky outcrops (not 
in sheltered grovesl) as high as 2500 m, 200-300 m 
above the “treeline”. Holtmeier and Broil (1992) 
describe tree islands ca. 400 m above treeline in 
the Rocky Mountains. Miehe (1989) reports 20 cm 
diameter 3.5 m tall Juniperus recurva trees for 
the Mt. Everest region at 4420 m altitude, several 
hundred meters above the line of more continuous 
tree occurrence in the Central Himalayas. Accord- 
ing to Troll (1973) patches of conifer forest reach 
4600 m altitude in eastern Tibet, and Polylepis 
tomentella trees are found in northern Chile at 
altitudes between 4800 and 4900 m (Hermes 1955, 
Troll 1973). In Venezuela Polylepis sericea stands 
are found up to 4200 m, i.e. 900 m above the 
“official” treeline (Goldstein et al. 1994), and form 
impressive forests at 4100m (Fig. 7.5). 

The Polylepis problem was discussed in great 
detail by Miehe and Miehe (1994), and these 
authors provide substantial evidence that the 
classic “warm slope hypothesis” (Troll 1959), is not 
supported by the data available today. This is in 
line with the analysis by Goldstein et al. (1994) 
who found the common slight warming of closed 
canopies compared with free air, but the extent of 
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Fig. 7.5. Patches of “outpost” forests on block fields, 400 m above the continuous current treeline: Polylepis sericea at ca. 
4100m altitude, Merida, Venezuela 



this is not sufficient to explain the altitudinal dif- 
ference between the current treeline and these 
forest outposts on the basis of thermal peculiari- 
ties alone. In addition, they report an analysis of 
256 Polylepis stands in Venezuela by H. Arnal, in 
which no preference of slope orientation to the sun 
was found, which contrasts with widespread sup- 
position. It is interesting that Beaman (1962) also 
found no north-south differentiation in treeline 
altitude in Mexico. On the other hand. Smith 
(1977, cited by Goldstein et al. 1994) demonstrat- 
ed (by planting seedlings) a positive sheltering 
effect of the boulders on which these Polylepis 
stands are usually found. High photosynthetic 
efficiency and frost tolerance plus the favorable 
seed-bed conditions are the physiological expla- 
nations for the Polylepis phenomenon favored by 
Goldstein et al. (1994). 

Miehe and Miehe’s global approach to an 
understanding of the “outpost-problem” appears 
to support Ellenberg’s (1958, 1996) hypothesis, 
that such forests are remnants in an otherwise 
deforested landscape due to centuries or millennia 
of human land use by grazing and fire, i.e. not the 
result of particularly sheltered, warm habitats. 



Palaeo-ecological data (pollen spectra) from high 
altitude lake sediments in the Andes document 
(and this holds for other parts of the world as 
well, see below) that the mean altitude of the tree- 
line was approximately 200 m higher during the 
warmest postglacial period than today, and it was 
formed by Polylepis (Lauer 1988). As this author 
convincingly suggests, Polylepis appears to have 
retained some of its hypsothermic positions, 
perhaps facilitated by the above favorable factors. 
In this case, the Polylepis treeline is a living “fossil” 
and does not represent the remnant of a potential 
treeline at current climates. The peculiar habitat 
conditions may have favored either the “remnant” 
or “fossil” position of these forest patches. How- 
ever, it is remarkable that closely related taxa 
also belonging to the Sanquisorbeae tribe of the 
Rosaceae exhibit similar distributional patterns in 
Africa (see discussion in Troll 1978), which could 
be interpreted as a taxon-related selection for life 
at high tropical altitudes. 

In the case of the Polylepis stands, the (1) 
“shelter” hypothesis (peculiar habitat) and the 
(2) “remnant” or (3) “fossil” hypothesis may find 
a common denominator in the ground structure: 
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the block-fields on which high altitude Polylepis 
is commonly found prevent fire from spreading 
because of a lack of a continuous fuel cover (dry 
grass). As grazing land, these block-fields are 
rather useless. However, for seedlings holders 
provide protection from radiative freezing and 
frost heaving of seedbeds during clear nights. 
Once established, these forest islands - remnants 
or fossiles - may create an interior climate which 
is buffered against climatic extremes (cf. Slatyer 
and Noble 1992) and resist moderate climatic 
variation. Depending on whether one favors the 
“fossil” or the “shelter” hypothesis, the treeline 
reflecting today’s climate, particularly in the sub- 
tropics and tropics, might or might not be a few 
hundred meters higher than we actually see it (the 
lowest line in Fig. 7.4). Assuming a “true” treeline 
position at current remnants’ positions would, 
however, only be justified in the case of outpost 
forests and not on the occurrence of isolated trees 
(see below). Still other arguments maybe required 
to explain the high altitude forest outposts (or 
the missing forest in between) in the old world. 
The important point here, is that seasonal mean 
ground or air temperatures between 2.5 and 6°C 
do not per se seem to prevent growth of trees. 

The “warmest-month” model is inadequate for 
predicting treelines worldwide. Growing season 
means (or, perhaps, some even better descriptions 
of integrated bio-temperature) are more closely 
correlated with treeline alitudes across latitudes 
and range between 5.5 and 7.5 °C, which comes 
close to the 7°C mean for soil temperatures sug- 
gested by Walter and Medina (1969), Walter (1973) 
and others as coinciding with treelines (cf. Miehe 
and Miehe 1994). Winiger (1981) arrived at a 8- 
9°C range, but his selection of tropical mountains 
includes several for which treeline depression 
by non-climatic factors has been described (E- 
African vulcanos, Kinabalu in Borneo). However, 
if the uppermost forest islands indicate the natural 
climatic treeline, then the critical temperatures for 
tropical and subtropical treelines would be 2.5 to 
5 °C, which is less than for such outposts at higher 
latitudes (5.5-6 °C). In most cases, the grassland 
and shrub vegetation on drained ground found 



below these isotherms (e.g. most of the Andean 
“paramos”) would then not be truly alpine. The 
majestic El Angel Espeletia “forest” at the border 
between Ecuador and Colombia at ca. 3600 m alti- 
tude maybe seen as an example of such a “pseudo- 
alpine” landscape (Fig. 7.6). 

In view of the relatively close cross-latitude 
relationship between the bulk of the current tree- 
line altitudes and seasonal mean temperatures 
(independently of the range of local annual tem- 
perature extremes!) a direct thermal rather than 
any other explanation of treeline altitude is the 
most plausible. This was also Brockmann-Jerosch’s 
(1919) conclusion from his very detailed analysis 




Fig. 7.6. High elevation giant rosette “forest” dominated by 
Espeletia hartwegiona El Angel, northern Ecuador, 3600 m 
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of the climatic relatedness of treelines across the 
Swiss Alps. Physiological reasons for the presumed 
5.5-7.S °C threshold temperature need to be found. 
Allowing for the latitudinal bias of means as dis- 
cussed above, this rather limited data set provides 
no substance for assuming that season length 
plays a particular role in determining the world- 
wide transition from the high altitude forest to the 
alpine life zone. 

Only long-term micrometeorological studies at 
subtropical and tropical treelines (including solar 
radiation and root zone temperatures) such as 
those available for few temperate zone mountains 
will allow us to substantiate the temperature relat- 
edness of the treelines of the world. In particular, 
data for patches of forests above current treelines 
are needed. It seems that phytogeographic, and 
partly also physiological knowledge is ahead of a 
broadly based knowledge of actual life conditions 
in treeline ecotones of the world. 

Intrazonal variations and 
pantropical plateauing of 
alpine treelines 

Most of the variation seen in Figure 7.2 has to do 
with regional climate gradients between coastal 
and inland mountains or between front ranges 
and central ranges. For instance, in western North 
America (47 °N), the treeline increases in elevation 
across the Cascades from ca. 2000 m in the west to 
ca. 2500 m on the eastern, continental side (Arno 
1984). A similar gradient is found between the 
northern front ranges of the Alps and the central 
ranges. Front ranges receive almost twice as much 
precipitation, have greater cloud cover and are 
exposed to stronger winds (in this case from the 
northwest). Less moisture, more sunshine and less 
exposure to frontal weather causes temperatures 
in the central ranges to be higher, and treeline to 
rise. This phenomenon is called the “Massenerhe- 
bungseffect” (mountain mass elevation effect, 
Schroter 1908/1926, Brockmann-Jerosch 1919) 
which is discussed in detail by Barry (1981). Figure 
7.7 illustrates the consequences of these climatic 



changes for the frequency of days during the year 
on which 5 or 10 °C are exceeded. At the treeline 
(as mentioned above) daily mean air temperature 
exceeds 5°C for about 100 days and is above 10 °C 
for ca. 35 days. The level at which these thermal 
conditions occur shifts from 1850 m to 2200 m as 
one moves from the northern to the central 
Alps (Ellenberg 1963). “Warmest month” means 
increase less than do altitudes of treelines, a con- 
fusion that irritated Brockmann-Jerosch, but is 
resolved if one takes Ellenberg’s integrating 
approach. Figure 7.8 illustrates the altitudinal 
variation of the treeline in Switzerland, based on 
an assessment by Brockmann-Jerosch (1919). 
There is a clear north-south zonation following 
the above thermal gradient. 

Thus, there is a relatively close correlation 
between temperature and treeline at a regional as 
well as at a global scale. Temperature is closely cor- 
related with sunshine hours or sums of solar 




Fig. 7.7. Number of days with daily mean air temperatures 
above 5 °C or above 10 °C in the Alps. Solid lines Central 
Alps, dashed lines northern front ranges. Interpolated from 
monthly means for 1864-1900. Arrows indicate current 
treeline position on the <5°C line. (Ellenberg 1963) 
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Fig. 7.8. Treeline altitudes along a north-south transect 
across the Alps, illustrating the “Massenerhebungseffekt”. 
(Brockmann-Jerosch 1919) 

radiation, which tend to be more influential on 
tree photosynthesis than temperature during the 
growing season (Tranquillini 1979), but it is 
very uncertain whether the physiology of carbon 
assimilation is the most critical factor in treeline 
formation. Developmental and growth processes 
are likely to be more temperature sensitive (see 
below). Hence, the elevation of the treeline in the 
center of larger mountain systems can be either 
warmer temperature or, if photosynthesis matters, 
increased radiation, or a combination of the two. 
Except for arid mountains, increased precipitation 
tends to depress the alpine treeline, possibly via 
a combination of greater cloudiness and cooler 
weather, at higher latitudes, increased duration of 
snowpack. Snow on the ground and associated low 
soil temperatures inhibit leaf gas exchange and 
development in branches above the snow even 
under warm atmospheric conditions as will be 
discussed later in this chapter. 

It has not been conclusively resolved also why 
treelines peak in the subtropics and are found at 
comparatively lower altitudes in the humid equa- 
torial tropics, but in principle the same arguments 
that were discussed above for the intrazonal 
variation of treeline altitudes apply here as well. 
Increasing precipitation and cloudiness tend to 
suppress treelines. Since these factors also cause 
the snowline to be lowered there is a common cli- 
matological reason for the parallel flattening of the 



latitudinal treeline and snowline curves in Figure 
7.2. The best evidence for the positive effects of 
low to moderate moisture supply on treelines are 
altitudinal records in eastern Tibet and northern 
Chile where trees are growing not too far from 
5000 m altitude under rather dry conditions, com- 
pared with the prevailing treeline altitudes in the 
humid tropics at or substantially below 4000 m. 
Whether reduced solar radiation for photosynthe- 
sis or direct effects of low temperatures due to 
enhanced cloudiness are the key is again uncer- 
tain. Personally, I favor direct temperature effects, 
as will be discussed later. 

Subzero temperatures occur regularly at both 
subtropical and tropical treelines, but their pre- 
dictability is greater in the subtropical climate 
than in the non-seasonal tropical climate. Hence, 
the risk of freezing damage is greater at the com- 
paratively '‘milder” equatorial treelines than at the 
subtropical treelines where the severest low tem- 
perature regime falls in the cold season, during 
which plant activity is reduced. The occurrence of 
growth-limiting low temperatures due to greater 
cloudiness (Fig. 7.4) plus a permanent risk of 
night-time freezing damage at comparatively 
lower altitudes may be the two most important 
reasons why equatorial treelines do not reach 
higher altitudes than those in the subtropics (but 
see Chap. 8). 

Treelines in the past 

Altitudes of treelines, like the altitudinal zonation 
of vegetation in general, underwent large oscilla- 
tions during the Pleistocene and Holocene 
periods, and what we see today must also be 
viewed from this palaeo-ecological viewpoint. 
During glacial periods, temperate zone mountains 
were deforested, with the alpine life zone reaching 
down to the lowlands, and in the tropics treelines 
were depressed by 1000-1600 m (for references see 
Wijmstra 1978; Lauer 1988 and Flenley 1979). 
Snowlines were lowered less, due to the prevailing 
drier climate in the large mountain systems of the 
earth during the peak of glaciation. According to 
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Lauer and Wijmstra, treelines in the equatorial 
Andes were as low as 2000 m. The tropical-alpine 
life zone can be assumed to have covered a wider 
altitudinal range and a vastly larger land area than 
today, though at lower altitude. 

Current treelines are depressed only a little 
compared with the postglacial maximum, indicat- 
ing that the current land area covered by the alpine 
life zone is close to its postglacial minimum. 
Evidence for this comes from fossil tree stumps 
and pollen records, suggesting that temperate 
zone treelines varied in altitude by no more than 
100-200 m while temperaturs varied by several K. 
(e.g. LaMarche and Mooney 1972; Zukrigl 1975; 
Bortenschlager 1977; Ives and Hansen-Bristow 
1983; Burga 1988; Rochefort et al. 1994; Graumlich 
and Brubaker 1995). For instance, the pollen 
record from the highest known mire in the eastern 
central Alps at 2700 m altitude shows almost con- 
stant pollen abundance of tree species dominant 
today over the last 8000 years (Bortenschlager 
1993). But gradual shifts in subdominant species 
in the northern calcareous Alps were observed, 
which are clearly associated with human inter- 
ference (increase of Larix) and date back 5000 
years (Zukrigl 1975). Also, for the equatorial and 
outer tropical Andes, available evidence from 
pollen in lake sediments suggests that the treeline 
was never more than 200 m higher than today 
(Lauer 1988). 

Hence, as predicted from theory, treelines as a 
whole are self- stabilized vegetation boundaries 
(Slatyer and Noble 1992; Armand 1992) which do 
not follow climatic changes very rapidly. Their 
current position must thus be assumed to reflect 
an environmental integral over several hundreds 
of years - a point also to be considered when func- 
tional interpretations of treelines are attempted. 
There may be climatic phases during which tree- 
line-trees operate either persistently below or 
close to their physiological limits, with the over- 
all position of the treeline remaining almost 
unchanged. Seed production and seedling estab- 
lishment does respond to such climatic alterations 
(e.g. Szeicz and MacDonald 1993; Holtmeier 1994), 
but apparently this does not induce a big shift in 



the treeline. CertainThresholds of change must be 
exceeded or fundamental disturbances such as 
windbreaks or fire must come into play before 
treelines move significantly. Therefore, it was sug- 
gested that the altitudinal position of the treeline 
is not a particularly useful criterion for assessing 
effects of rapid climate change (Slatyer and Noble 
1992; Noble 1993). However, growth responses of 
forest trees at or just below the alpine treeline, are 
sensitive indicators, as evidenced by a large body 
of dendro-ecological studies (e.g. Schweingruber 
1987; Villalba et al. 1990; Nicolussi et al. 1995). 

Palaeorecords also indicate that human 
influence on highlands including alpine treelines 
is a worldwide phenomenon both in the temper- 
ate zone (Eijgenraam and Anderson 1991; Borten- 
schlager 1993; Holtmeier 1994) and the tropics 
(Flenley 1979) and dates back several thousands of 
years. Most of today’s high altitude grasslands at 
or below the treeline are related to some sort of 
human impact. There is clear evidence that fire is 
the cause for depressions of treelines in the East 
African mountains (Hedberg 1964; Beck et al. 
1986; Smith and Young 1994) and in many other 
tropical mountains (Deshmukh 1986), and tem- 
perate zone treelines have been burned as well, as 
indicated by charcoal layers in soils of the lower 
alpine zone which have been dated at between 700 
and 3700 years old (Neuwinger 1970), and below 
the current treeline position at 4700 years before 
present (Markgraf 1969; references in Zoller 1987). 

Attempts at a functional 
explanation of treelines 

So far correlations between climate and treeline 
have been discussed, but not the mechanisms 
which could dictate a climate driven transition 
from forests to the alpine life zone. It was shown 
that on a global scale, climatic high altitude tree- 
lines occur at similar growing season tempera- 
tures (means from 5.5 to 7.5 °C) whereas season 
length varies between 2.5 and 12 months, and 
many other climatic constraints which have been 
suggested as contributing to alpine treeline for- 
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mation show large regional variation. In order to 
dissolve this apparent discrepancy which limits 
explanatory attempts, I suggest separating ‘^mod- 
ulative” (regional) from “fundamental” (global) 
drivers. Most of the literature relates to modula- 
tive forces on treeline position (regional fine 
tuning). In the following I will try to explore what 
the possible global determinant (with locally less 
precise predictive potential) might be. Irrespective 
of scale, five groups of - partly interrelated - 
mechanisms may be distinguished: 

1. The stress hypothesis: repeated damage by 
freezing, frost desiccation or phototoxic effects 
after frost impair tree growth. 

2. The disturbance hypothesis: mechanical 

damage by wind, ice blasting, snow break and 
avalanches or herbivory and fungal pathogens 
(often associated with snow cover) may remove 
a similar amount, or more biomass or meris- 
tems than can be replaced by growth and devel- 
opment below certain temperatures (see 4). 

3. The reproduction hypothesis: pollination, 
pollen tube growth, seed development, seed 
dispersal, germination and seedling establish- 
ment may be limited and prevent tree recruit- 
ment at higher altitudes. 

4. The carbon balance hypothesis: either carbon 
uptake or the balance between uptake and loss 
are insufficient to support maintenance and 
minimum growth of trees. 

5. The growth limitation hypothesis: synthetic 
processes which lead from sugars and amino 
acids to the complex plant body may not match 
the minimum rates required for growth and 
tissue renewal, independently of the supply of 
raw materials (e.g. photoassimilates). 

Alone or in combination, type 4 and 5 mechanisms 
may lead to insufficient tissue maturation when 
the growing season is short, and may, in seasonal 
climates, sensitize plants to type 1 and 2 damages 
or prohibit reproduction. Most of these explana- 
tions of the treeline phenomenon emerged from 
observations in certain temperate zone mountains 
(Alps, Rocky Mountains). The question to be asked 
here is what controls alpine treelines worldwide 



between 70°N and 55°S lat, including all climatic 
zones, with and without seasons, and across such 
different phylogenetic groups as for instance 
Pinaceae, Podocarpaceae, Fagaceae, Rosaceae and 
Ericaceae? Which of the explanations developed 
for temperate zone conifers would lose power, 
and which would gain, if one adopts a global 
perspective? 

Whatever the common, basic mechanism is that 
leads to the abandonment of massive tree-stems 
and tall, closed canopies at a certain altitude, it 
cannot be associated with seasonality, because 
treelines are formed in non-seasonal climates as 
well, and as has been shown above, at surprising- 
ly similar temperature regimes. Furthermore, tree- 
lines establish in maritime areas with neglegible 
frost risk, they are also found in areas with hardly 
any wind, and in complete absence of ice blasting 
or snow damage. In the following I will discuss the 
above listed potential causes of treeline formation 
with a global perspective. 

Historically, the growth limitation hypothesis 
was favored (e.g. Daniker 1923) but became over- 
shadowed by the carbon balance hypothesis, in 
particular photosynthetic CO 2 fixation, once tech- 
nical know-how attracted science to this field of 
research. In the 1960s and 1970s, the old idea of 
winter desiccation, first substantiated by data in 
the 1930s and early post-war period, came into 
favor, later supplemented by evidence that in- 
sufficient tissue maturation may be important. 
Frost per se, snow mold and mechanical damage, 
were discussed and were controversial, but were 
rarely considered critical for established trees, 
other than as modulating the chances of regrowth 
in the “kampfzone” or “krummholz” belt (Daniker 
1923; Schroter 1908/1926; Turner 1968; Holtmeier 
1974; Frey 1977; Tranquillini 1979; Larcher 1985a; 
see below; Fig. 7.9). 

Treeline and climatic stress 

Frost damage is a potential contributor to treeline 
formation. However, in climates with a thermal 
season, the dangerous period is not the coldest 
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Fig. 7.9. Damage of young trees above the alpine treeline: A, 
early autumn frost killed non-hardened, immature leading 
shoots of Larix decidua (before needle fall), which desiccated 
during winter (photograph taken in spring, 2200 m central 
Alps); B snow mold damage (possibly Herpotrichia sp.) in 
lower pine branches under late lying snow (Rocky Mts, 
Utah); C all terminal buds of Pinus mugo ssp. uncinata 
browsed by snow hen (site as A) 



part of the year, when frost tolerance of treeline 
species generally exceeds environmental demand. 
Consequently, Brockmann-Jerosch (1919) found 
no correlation between annual absolute minima of 
temperature and treeline position in the Alps, and 
considering the global distribution of treelines it 
is obvious that no such correlation does exist at 
this largest scale either. For conifer taxa Sakai and 
Larcher (1987, p. 215) illustrate that the global 
variation of low temperature resistance in buds of 
treeline-trees ranges from -70 to -5°C and paral- 
lels the latitudinal trends of minimum tempera- 
tures at treeline altitudes. At higher latitudes, 
critical situations occur during rapid freezing in 
periods of incomplete hardiness in autumn or in 
the later part of the winter and early spring when 
mature tissue may be damaged by temperatures 
between -6 to -10 °C (for references see Tran- 
quillini 1979; Sakai and Larcher 1987; Gross 1989 
and the recent work by Perkins and Adams 1995). 
Because of temperature inversion, high altitude 
trees are not necessarily exposed to lower temper- 
atures than low altitude trees, and are not more 
sensitive (e.g. Sundblad and Andersson 1995). 
Tranquillini (1979) and Larcher (1985a) conclude 
that frost damage does not threaten survival of 
trees in the temperate zone treeline ecotone, but 
may contribute to distorted growth by partial 
injuries (cf Daniker 1923). At tropical treelines, 
freezing damage could theoretically occur during 
clear nights at any time of the year, but again, data 
by Sakai for New Guinea (in Sakai and Larcher 
1987) and by Larcher (1975) and Goldstein et al. 
(1994,p. 142) for Venezuela indicate that it is rather 
unlikely that frost damage plays a decisive role in 
treeline formation. Since minimum temperatures 
occur during the night, it is important to note that 
radiative cooling to below air temperature under 
a clear sky is likely to be less in narrow-leaved 
tree crowns with good convective coupling to the 
atmosphere than in unscreened low stature vege- 
tation with poor convective exchange (Grace 1988; 
Squeo et al. 1991). 

Winter desiccation is one of the most widely 
assumed causes for treeline formation. Damage of 
needles and branches can be caused by late winter 
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water losses not replaced by the water supply 
because of frozen soil or stem bases (e.g. Michaelis 
1934; Larcher 196,3a, 1985a; Tranquillini 1979, 
1982; Sowell et al. 1982; Sakai and Larcher 1987; 
Hadley and Smith 1990). Stem freezing may also 
induce xylem cavitation (Tyree and Sperry 1989) 
which can inhibit water flow during subsequent 
warmer periods. By mentioning “winter” it is clear 
that this cannot be a cause for treeline formation 
in general (Troll 1961; Dahl 1986), but perhaps this 
is a component which contributes to the “fine 
tuning” of treeline position in some temperate 
zone mountains. The problem with winter desic- 
cation is that if damage occurs, this will only 
become visible much later, and a causal inter- 
pretation becomes problematic (Larcher 1963a, 
Wardle 1981b). So, most of what we know about 
winter desiccation or frost drought is inferred 
from asymetric (i.e. sun-side) shoot browning 
observed much later. Yet the occurrence of criti- 
cally low leaf water potentials in woody plants 
near temperate zone treelines in late winter is 
clearly documented (see above references). As 
already suggested by Kerner (1869, p. 41) sum- 
mer predisposition has been proven to correlate 
with the degree of winter desiccation, e.g. by 
insufficient maturation of leaf cuticles or buds 
(Baig and Tranquillini 1980; Tranquillini and 
Platter 1983; Wardle 1981b). Direct damage to 
needle surfaces by winter conditions such as 
cuticle abrasion has also been suggested as con- 
tributing to excess moisture loss (Holtmeier 1974; 
Hadley and Smith 1983; see discussion by Grace 
1989; Fig. 7.10). 

However, the phenomenon of winter desic- 
cation at alpine treelines does not seem to be 
common, even within the temperate zone. No indi- 
cation or possibility of winter drought has been 
seen by Sakai (in Sakai and Larcher 1987) in Pinus 
sylvestris and Pinus banksiana,hy Slatyer (1976) in 
Eucalyptus pauciflorUy by Marchand and Chabot 
(1978) in Abies balsamea and Picea mariana, by 
McCracken et al (1985) in Nothofagus solandri, 
and by Grace (1990) again in Pinus sylvestris. 
Although young, leafless stems may be prone to 
desiccation as well, deciduous trees seem to be at 




Fig. 7.10. Winter stress and leaf surface damage in 
Eucalyptus pauciflora at the treeline in the Snowy Mountains 
(Australia). The scanning electron micrographs (x800) are 
for current season {top) and over-wintered leaves (bottom). 
Note, at the treeline E. pauciflora sheds nearly all previous 
season (wornout) leaves as soon as the next generation of 
leaves expands in spring. 

less risk of being seriously affected (Barclay and 
Crawford 1982, Richards 1985, Tranquillini and 
Plank 1989) and perhaps dominate some northern 
treelines because of this (e.g. Betula and Larix 
species). 

The critical question is whether water losses 
during late winter atmospheric conditions can 
exceed available moisture stored in branches and 
stems. For the Scottish treeline, Grace’s (1990) 
calculations indicate that this is physically im- 
possible. Larcher (1963a) showed that needle 
desiccation strongly depends on the attached 
(at least periodically unfrozen) stem volume. 
Detached needles reached critical water deficits 
twice as fast as those on whole detached branches 
exposed to the late winter climate. Hadley and 
Smith (1990) showed that needles may lose 40% 
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of their moisture in only 5-18 days at the Rocky 
Mountain treeline if no replacement from branch- 
es occurs. The bigger the tree, the less likely criti- 
cal water deficits in needles will occur, explaining 
why all reports about winter desiccation damage 
are for relatively young trees, mostly individuals 
from the “kampfzone”. Marchand (1991) went a 
step further by detaching whole trees, and could 
demonstrate by comparison with uncut controls 
that significant water supply from the root zone 
does occur in late winter. Branches under snow 
remain close to water saturation. 

In summary, winter desiccation may be a 
problem for young trees above the treeline in some 
parts of the temperate zone (according to Tran- 
quillini 1979, it sets the krummholz limit in the 
Alps), but cannot explain the worldwide alpine 
treeline phenomenon as such. Given that the 
length of the growing season at conifer treelines 
with similar seasonal mean temperatures varies 
between 3 months at subarctic to 7-8 months at 
subtropical latitudes (with some conifer species 
also found at equatorial treelines), season length 
is not a common determinant of treelines, even 
though upslope excursions of seedling popula- 
tions are limited by maturation problems in some 
higher latitude mountains. 

Carbon acquisition, carbon investment 

and growth 

Forty years of leaf gas exchange studies in treeline 
trees have revealed no particular disadvantages 
compared with low altitudes, except for the reduc- 
tion of the length of the active period in extrat- 
ropical areas. Many studies have illustrated the 
relative insensitivity of photosynthesis in treeline 
trees to temperature in the range of prevailing 
daytime field temperature because of thermal 
acclimation and the broad shape of the photosyn- 
thetic temperature response (Pisek and Winkler 
L958, 1959; Slatyer and Ferrar 1977; Hasler 1982; 
Goldstein et al. 1994). Substantial rates of photo- 
synthesis have repeatedly been measured at 0°C, 
and one fourth to one half of maximum rates are 



reported for +5°C."Modest altitudinal reductions 
in photosynthetic capacity reported in the litera- 
ture disappear in most cases when rates are 
expressed by unit leaf area rather than by dry 
mass, because a dry mass basis reflects the well- 
known altitudinal reduction of specific leaf area 
(greater fraction of cell wall material), rather than 
a reduction of metabolic activity of cells. In ever- 
greens, reduced specific leaf area is balanced by 
increased leaf life span, hence a functionally 
meaningful assessment of the leaf carbon balance 
would have to account for leaf duration. Similarly, 
much of the divergence seen in the literature with 
respect to altitudinal trends in respiration dis- 
appears when actual tissue temperatures during 
relevant periods are considered (for leaves only 
the night is relevant, because daytime losses are 
already accounted for by net-photosynthesis). 
Comparisons of rates of high versus low altitude 
tissues measured at equal temperatures are eco- 
logically rather meaningless. 

Allowing for these points, the photosynthetic 
capacity of treeline trees per unit leaf area is rela- 
tively high, thermal acclimation of photosynthesis 
optimizes seasonal carbon gain, water supply is 
less restrictive to gas exchange than at low alti- 
tude, recovery of photosynthesis after cold nights 
is surprisingly rapid and respiratory losses at 
habitat temperatures do not exceed those at low 
altitude because of lower temperatures during the 
winter and at night. Thus, the annual leaf carbon 
uptake is largely a function of season length (in 
extratropical mountains) and the doses of solar 
radiation (review for the temperate zone by Tran- 
quillini 1979; tropical tree data by Goldstein et al. 
1994). In this respect, treeline trees do not differ 
from alpine plants, whose main limitation to CO 2 
uptake (within a given season length) is quantum 
supply and not the temperature during daylight 
hours (cf. Scott et al. 1970; Korner 1982; Korner 
and Larcher 1988; see Chap. 11). In extratropical 
mountains season length matters only because 
(1) respiratory losses during the dormant season 
burden the annual carbon balance, and (2) there is 
as a critical point at which the growth rate or rate 
of tissue renewal cannot be supported. 
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This is not the place for a detailed evaluation 
of whole plant carbon relations of treeline trees, 
but the following numbers on respiratory carbon 
losses, obtained from Tranquillini’s (1979) synthe- 
sis illustrate some important aspects for the tem- 
perate zone. A 5 month dormancy under winter 
snow cover in the central Alps creates respiratory 
costs of about 7% of the seasonal carbon up- 
take in seedlings of Pinus cembra. Most recently 
Wieser (1997) demonstrated that respiratory 
losses during the 3 coldest months of the winter in 
Pinus cembra shoots can be covered by a single 
day’s carbon gain in the growing season. Hence, 
the dormant (i.e. cold) period is a much smaller 
burden than might have been assumed from its 
duration. Despite some additional investments in 
freezing protection, the carbon balance rather 
improves in colder winters because of reduced 
respiratory losses. In areas with a long and warm 
autumn and spring, substantially higher losses 
may occur (Schulze et al. 1967). Compared with 
the tropics, carbon gains during the 15 to 25% 
longer daylight periods in the growing season at 
higher latitudes alone can equalize the dormant 
season respiratory costs. The year round mainte- 
nance of a stem in 7 m tall trees at the treeline was 
estimated to consume 17 (Larix) to 23% (Pine) of 
annual net photosynthetic carbon-gain, but, 
because of the cooler climate (and also because 
of lower specific rates), these are only 60-70% of 
the losses estimated for low altitude trees (Tran- 
quillini 1979). Finally, all estimates of root respi- 
ration compiled by Tranquillini point at 
exceptionally small losses, resulting from very low 
root/leaf mass ratios and cold soils, but exports to 
ectomycorrhiza (which has been suggested to be 
very important for treeline trees, cf. Moser 1966, 
Wardle 1971) are unknown. Hence, treeline trees 
are not necessarily burdened by a greater respira- 
tory load than trees at low altitude, rather the 
reverse seems to be the case. 

Taken together, the above gas exchange data do 
not support the idea that insufficient photosyn- 
thetic activity during a given growing season or 
excess respiratory losses and a marginal annual 
carbon balance can conclusively explain the tem- 



perate zone treeline. Both the growing season 
moisture regime and the nutritional status of 
needles in treeline trees are rather more favorable 
than in trees at low altitude, an observation that 
holds for most high altitude vegetation (Tran- 
quillini 1979; pp. 52, 80; Korner and Mayr 1981; 
Kdrner and Cochrane 1985; K5rner 1989b; see 
Chaps. 9 and 10). Comparative studies by Benecke 
et al. 1981 in the Alps, and elevational transects in 
California (Mooney et al. 1964), Australia (Slatyer 
1978) and New Zealand (Benecke and Havranek 
1980) match the picture derived from Tranquilli- 
ni’s data. With daytime leaf temperatures between 
3 and 17 °C (mostly 5-10 °C), tropical high altitude 
Polylepis exhibits rates of photosyntheses of ca. 
7-8 jimolm"^s"^ year round, which stand against 
night time respiratory losses in leaves of between 

O. 2-0.3|iimolm“^s"^ (extrapolated to the prevailing 
0 to 2 °C night-time temperatures; data from Gold- 
stein et al. 1994). The gain to loss ratio is ca. 30 and 
thus, 2 to 3 times better than any reported for trees 
at lower altitudes, suggesting (at least for Polylepis) 
factors other than the leaf carbon balance to be 
limiting tree growth also at tropical treelines. 

What remains to be considered is the overall 
investment of assimilates by trees compared with 
shrubs, grasses and herbs in the alpine zone. 
Unfortunately, dry matter allocation is extremely 
poorly documented for treeline trees, despite the 
fact that it may be more important than leaf 
photosynthetic rates as a determinant of the 
carbon balance (Korner 1991). This reflects the 
human fascination in electronic machinery com- 
pared with spades, but lacks any scientific ratio- 
nale. Sporadic mentions of leaf, stem and (even 
less frequently) root dry matter of young (!) trees, 
suggest no particular altitudinal change of allo- 
cation patterns. The few numbers reported by 
Larcher (1963a), Oswald (1963) and Tranquillini 
(1979) for young Pinus cembra trees (but older 
than 20 years) near the treeline indicate leaf mass 
ratios (LMR) of between 13-25% (leaf mass versus 
total plant mass; when root data were missing, 
root mass was assumed to contribute 25% to total 
mass). Oswald’s (1963) data for 20 to 52-year-old 

P. cembra in the uppermost forest (needle-stem- 
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root fractions of 24-49-27%) and the kampfzone 
200 m above treeline (25-50-25%) really do not 
indicate any trend across the ecotone. If one 
extrapolates the declining LMR with increasing 
tree age that can be extracted from Oswald’s 
data, a value of 10% (independent of altitude) is 
approached between 100 and 150 years of age. 
However, for seedlings of uniform provenance 
Benecke (1972) showed that leaf: root mass ratios 
increase from 1 to 3 in Picea abies and from 1.5 to 
2.5 in Finns mugo, as one moves from optimum 
montane habitats to the treeline. The LMR num- 
bers mentioned above for relatively young trees 
are much higher than the 3-4% commonly report- 
ed for mature lowland conifers, and match the 
mean of 21% known for herbaceous plants of both 
high and low altitude (no change of LMR with alti- 
tude; Korner 1994). The above mentioned leaf: 
root ratios are even larger than in many perennial 
forbs (0.5 to 1, Korner 1994). Ongoing studies at 
the Swiss treeline (Fig. 7.11) suggest no significant 
alteration in dry matter allocation across the tree- 
line ecotone. At least for young trees at the tree- 
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Fig. 7.11. Dry matter allocation of 23-year-old trees (n = 24 
trees per species) sampled across the alpine treeline ecotone 
at Stillberg, Davos, Switzerland (2040 to 2180 m). The leaf 
mass ratio (LMR) is the amount of leaf dry matter in % of 
total tree dry matter (including roots). (M Bernoulli and 
C Korner, unpubl. data of 1997) 



line, the autotrophic :heterotrophic tissue ratio 
does not appear to be disadvantageous and is 
quite high. 

What is the significance of a large stem fraction 
(>70%) of total biomass for the carbon balance in 
older treeline trees? When compared with patterns 
of dry matter allocation in low stature alpine 
plant communities, one finds that such high 
heterotrophic fractions are not uncommon. The 
above mentioned mean of 21% for LMR was cal- 
culated for many species and sites, including some 
of the highest ranging species such as Ranunculus 
glacialis which operate successfully with 10% of 
dry matter in green leaf blades (of 10 weeks dura- 
tion, but higher photosynthetic rates) and 90% in 
non-green tissue (see Chap. 11), similar to LMR 
in the deciduous Larix shown in Figure 7.11. 
However, these heterotrophic compounds are 
active and respire, whereas in trees, much of the 
stem is metabolically inactive and resembles a dry 
matter compartment comparable to the dead leaf 
coat in tropical giant rosettes (also about two 
thirds of their total plant mass according to 
Monasterio 1986). 

On the basis of these sporadic observations on 
trees, and in comparison with some very success- 
ful alpine plant species - shrubs with massiv 
woody structures in particular - it seems that the 
possession of a woody stem alone is not necessar- 
ily critical for the carbon balance at treeline alti- 
tudes. But the formation of stems certainly adds 
to the lifetime burden of the carbon balance, 
the older a tree becomes. Whether this relates to 
carbon balance problems or not, it needs to be 
noted that the mean stem fraction decreases step- 
wise from the tree life form to shrubs and peren- 
nial herbs - the latter representing the dominant 
life form at highest altitudes (K5rner 1994). In 
the “endless” season of a humid tropical treeline 
climate, the burden of a stem should be less impor- 
tant, and the treeline could be expected to advance 
to lower isotherms, if its position in the temperate 
zone were “depressed” by the carbon-cost of a stem 
- a trend not detectable from available data. 

A conclusive picture of the carbon relations of 
treeline trees is not yet available, and will only be 
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obtained by modeling the annual and long-term 
carbon balance, the greatest uncertainties of which 
are constraints to meristematic, i.e. sink activity, 
the fractionation of dead and live tissue, tissue 
specific respiration and the unknown below- 
ground sinks. As will be illustrated below, to start 
from leaf gas exchange data is a rather hopeless 
approach because CO 2 assimilation is unlikely to 
be the bottleneck of growth at the treeline, even 
though correlations may be found (Scuderi et al. 
1993). Currently available data from growth analy- 
sis (Tranquillini 1979) are not in favor of the 
carbon limitation hypothesis. While the carbon 
balance may control distribution boundaries of 
trees along light or aridity gradients (Boysen- 
Jensen 1949), this does not seem to be the case at 
the alpine treeline (Tranquillini 1979, p. 80). 

A hypothesis for treeline formation 

Above, it has been illustrated that a global per- 
spective eliminates possible candidates as treeline 
determinants, even though they may contribute to 
the determination of the treeline position in some 
parts of the temperate zone. Neither the stress 
hypothesis nor any hypothesis relating to season- 
ality or mechanical disturbance is able to explain 
the occurrence of treelines at similar mean grow- 
ing season temperatures with otherwise widely 
diverging climates across the world. Tranquillini 
(1979, p. 80) stated: “. . . one can safely conclude 
that neither the rapid decrease in tree height, nor 
the total elimination of woody plants is primarily 
due to inadequate dry matter production” (sensu 
“carbon assimilation”). 

For a discussion of limitations by reproduction, 
I refer the reader to K5rner (1998). It is not obvious 
why alpine plants, including many woody shrubs, 
should be able to establish seedlings, and trees 
should not (once viable seed is locally produced 
or brought in). Since diaspore dispersal from 
below the treeline and successful germination is 
observed so regularly (with a few exceptions, 
mostly in areas with disturbance by fire), centenni- 
al recruitment waves (Kldtzli 1991) should be pos- 



sible even if treeline source trees did not produce 
viable seed. The question is, why do seedling pop- 
ulations above the treeline not develop a forest, but 
remain nested in the graminoid or shrubby ground 
cover, or form crippled scrub? 

A unifying theory for the alpine treeline must 
account for discrepancies such as the two- to 
threefold (!) difference in the daily doses of 
quantum flux at treelines in the central Alps or 
subtropical Andes, compared with the treeline 
in New Guinea, which is almost permanently 
enveloped in clouds (Korner et al. 1983). It must 
further account for a change in season length from 
2.5 months in arctic-alpine birch treelines to 12 
months in equatorial tropics, and for regions with 
heavy snow pack and non at all. Under all these 
conditions we find treelines at seasonal mean 
air temperatures of between 5.5 and 7.5 °C. The 
thermal conditions at natural climatic tree- 
lines clearly need further investigation, but the 
consistency in available temperature data it is too 
obvious to be dismissed as a meaningless 
correlate. 

On the basis of what was discussed above I 
hypothesise that there is a minimum mean tem- 
perature that permits sufficient production of new 
cells and the development and differentiation of 
functional tissue of higher plants which is unre- 
lated to the carbon balance. In the following, I will 
present some evidence in favor of both this growth 
limitation hypothesis and its implications for life 
form-microclimate interactions. In simple words, 
I suggest that if a growing tree were a house under 
construction, the limitation of “growth” is not a 
question of availability of mortar and bricks, but 
depends on the workmen creating the walls, and 
that they may stop working if it is too cold, despite 
building material heaping up to the extent that 
suppliers have to slow down or stop delivery. 

The published evidence in support of hypothe- 
ses 1 and 2 (with consequences for 3; see the pre- 
vious section of this Chap.) for certain climatic 
regions is not questioned here, but in view of the 
global patterns illustrated above, and in view of 
the mechanisms discussed below, one is forced to 
consider these limitations as regional and “modu- 
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lative”, on top of more fundamental limitations to 
be explored. Removing these typical temperate 
zone impacts would have little effect on treeline 
position within the given range of the ecotone, but 
may allow a more gradual transition from dense 
forest to shrubby tree growth as is often seen in 
the tropics. 

The concept of a mean minimum temperature 
for tree growth in which carbon sinks rather 
than carbon sources control production is only a 
special case of a more general rule. The reason why 
such growth limitations affect trees first, and 
shrubs and forbs only at much higher elevations, 
has to do with life form specific effects on micro- 
climate. Shoot apical meristems of trees can not 
benefit from radiant canopy warming during the 
day or stored warmth in the topsoil during the 
night, as subsoil leaf meristems of many alpine 
graminoids and rosette forbs or dwarf shrubs do 
(e.g. K5rner and Cochrane 1983, Grace and Norton 
1990), but experience convective cooling through 
tight atmospheric coupling. Thereby tissue expan- 
sion may become blocked periodically as will be 
discussed later and trees “lose” a substantial frac- 
tion of the season and most nights (even during 
otherwise warm periods) for structural growth. 

In addition, trees - particularly when forming 
dense canopies - efficiently prevent soil heat flux 
and radiative warming of their own root zone. The 
tree life form evolved as a means for light compe- 
tition under warm soil conditions, a point made 
earlier by Slatyer and Noble (1992). Closed tree 
canopies at the treeline create cold soils which 
impair root activity (e.g. Daniker 1923; Shanks 
1956; Wardle 1968; Ballard 1972; Munn et al. 1978; 
K5rner et al. 1986; Holtmeier and Broil 1992; Figs. 
7.12 and 7.13), a point so far not seriously con- 
sidered in the treeline discussion. In Montana 
(2300 m) for instance, -50 cm soil temperatures 
were nearly 5 K lower under forest compared with 
adjacent grassland during the summer (Munn et 
al. 1978). As a consequence, snow cover often lasts 
longer in high altitude forests, compared with 
adjacent treeless terrain (Alps, Tranquillini 1979, 
p. 55; Fig. 7.14). As a rule, similarly oriented grass- 
land soils within a few hundred meters above tree- 




Fig. 7.12. Forest trees create a cold root zone. Soil 
temperatures within and at the windward edge of a stunted 
forest tree island of ca. 4 m diameter close to the alpine 
treeline on Niwot Ridge, Rocky Mountains at ca. 3470 m 
altitude (19 July-4 September). Note the narrow, i.e. strongly 
buffered and lower range of temperatures below the tree 
cover (centered at 6 °C) compared with the wide range found 
underneath the shrubby, low ground cover (highest 
frequency of 7-8 °C, median between 8 and 9°C). (Holtmeier 
and Broil 1992) 




Fig. 7.13. The altitudinal variation of soil temperature under 
forests (Nothofagus menziesii) or adjacent grassland in South 
Island, New Zealand in midsummer (February 1981). 
Temperatures were measured at midday at 20 cm depth. 
(Korner et al. 1986; triangle Greer 1978) 
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Fig. 7.14. Late laying snow under treeline trees often 
shortens the growing season as compared with adjacent 
open terrain. Sierra Nevada of California, Tioga Pass area 
(mid July 1983) 

line, exhibit root zone temperatures above those 
found under closed forest near the treeline. 

In other words, I suggest that the tree life form 
is limited at treeline altitudes by possibilities for 
investment rather than by production of assimi- 
lates. This hypothesis, if valid, also provides a 
simple explanation for the high concentrations of 
leaf nitrogen in treeline trees and woody shrubs 
near the treeline due to a lack of sufficient dilution 
by growth. The hypothesis centers around the 
assumption that the treeline is not caused by 
carbon shortage, but is created by sink inhibition 
as a result of low temperature. Dahl (1986), devel- 
oping similar ideas, proposed that ATP supply 
(mitochondrial respiration) is the critical factor, 
but many other processes involved in tissue for- 
mation (e.g. protein synthesis) may be limited by 
low temperature. The fact that treelines occur at 




Fig. 7.15. Dynamics of height growth in Larix decidua and 
Picea abies at montane and treeline altitude field conditions. 
(After Oberarzbacher 1977, in Tranquillini 1979) 



similar seasonal mean temperatures, with partial 
pressures of CO 2 (not the mixing ratio) varying 
from 94% of values occurring at sea level in 
subarctic-alpine treelines to only about 55% at the 
upper limit of tree growth in some subtropical 
mountains (a drop not fully balanced by enhanced 
diffusion, see Chaps. 3, 9 and 10), adds weight to 
the idea that carbon supply is not decisive. 

Growth trends near treelines 

No direct evidence for a threshold temperature 
for the production and differentiation of a critical 
mass of new cells in growing tree tissue is avail- 
able. However, there is substantial information on 
growth responses to temperature in treeline trees 
which stands in obvious contrast to any attempt to 
stress carbon acquisition as an explanation for the 
abrupt limitation of tree growth. Again, I refer to 
the excellent compilation of data by Tranquillini 
(1979) which supports the growth hypothesis so 
obviously, that I was surprised not to find an 
explicit statement in this direction. 

Tranquillini describes ten examples (two shown 
in Figs. 7.15 and 7.16) in which altitudinal varia- 
tions of tree growth were studied from seedlings 
to mature trees in a number of different tempe- 
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Fig. 7.16. Growth responses of high and low altitude 
provenances of Picea abies seedlings to temperature in a 
controlled environment. Note the dramatic reduction of 
maximum growth rate between 12 and 6°C (factors 2 and 
3,4). The trend is even more pronounced in the high altitude 
provenance, which may have to do with a genotypic growth 
restriction in high altitude ecotypes; see chapter 1). Source 
as in Figure 7.15 



rate mountain regions, and both in terms of short- 
term (daily) rates as well as in terms of cumulative 
growth. In all cases, dramatic reductions of growth 
rates (factors of 2 to 4) were found at altitudes 
close to the treeline, often across gradients of only 
200-300 m of altitude. Solar radiation does not 
significantly change over such gradients in the 
temperate zone, nor does the 1 to 2 K temperature 
difference exert a significant change in photosyn- 
thesis, as is well documented in the relevant gas 
exchange literature. The change in season length 
may be 2-3 weeks, nothing compared with the dif- 
ferences seen along global latitudinal gradients of 
treelines. In other words, there exists a tremen- 
dous discrepancy between altitudinal trends in 
growth and the potential for photosynthetic gas 
exchange (Fig. 7.17). 

Referring to his own data on LariXy Tranquillini 
shows that no new roots are formed at 4°C soil 




Fig. 7.17. Substantial radial tree growth (2-5mma“*) occurs 
close to the treeline. The photograph shows a trunk cut in a 
dense Pinus hartwegii forest at 3850 m elevation in Mexico 
(for site see Fig. 7.1), which is only 150 m below the treeline 
(corresponding to a ca. 0.9 K higher mean air temperature as 
compared with treeline altitude) 

temperature. Turner and Streule (1983, in 
Schonenberger and Frey 1988) observed roots at 
the treeline with root windows, and found no 
root growth at soil temperatures below 3-5 °C, 
with 5% of maximum rates only reached once soil 
temperatures exceeded 6°C (Fig. 7.18). Havranek 
(1972) found a linear correlation between daily 
means of root zone temperature and in situ sums 
of daily photosynthesis in Pinus cembra of 
between 0 and 7°C (Fig. 7.19), but no such depen- 
dency at higher temperatures. In situ root zone 
temperatures in adult trees also exert immediate, 
almost linear effects on stomatal conductance and 
photosynthesis (once a low threshold of between 
1 and 4 °C is exceeded) with no indication that this 
response is associated with cold soil induced 
needle water deficits (Day et al 1989, Korner et al. 
1995). Similarly, Scott et al. (1987) found a linear 
correlation (r = 0.95) between cumulative root 
zone temperature and shoot elongation in subarc- 
tic Pinus taeda experiencing atmospheric temper- 
ature and moisture conditions quite favorable for 
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Fig. 7.18. In situ temperature dependence of root growth in 
Pinus cembra in the Swiss central Alps at 2200 m. (After 
Turner and Streule 1983, in Schonenberger and Frey 1988; 
see also Turner et al. 1982) 

photosynthesis, again indicating tight control of 
shoot activity by a below ground signal. Also 
working with Pinus taeda, Bilan (1967) demon- 
strated the existence of rootgrowth threshold tem- 
peratures at mixed temperature regimes of 
between 10/1.7 and 10/4.4°C (24h means of 
between 6 and 7°C). Hellmers et al. (1970) were 
able to block growth in potted Picea engelmannii 
seedlings, by exposing them to daytime tempera- 
tures of 15, 19, 23, 27 or 35 °C but a night temper- 
ature of only 3°C. At a 7°C night temperature, 
significant growth (>10% of optimum) occurred 
only when daytime temperatures were between 19 
and 23 °C; at colder or warmer daytime tempera- 
tures the 7 °C night treatment also reduced growth 
to negligible rates. A 15/23 compared with a 15/11 
°C regime produced seedlings 28 times larger. 
Seedlings of Betula pubescence ssp tortuosa at the 
alpine treeline of northern Sweden showed no net 
growth or nutrient uptake at 5°C, irrespective of 
substrate type or nutrient supply (Karlsson and 
Nordell 1996). 

More recent evidence of a low temperature lim- 
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Fig. 7.19. Tight control of daily sums of photosynthesis in 
natural regrowth of Pinus cembra at the alpine treeline by 
root zone temperature in the 0-7 °C range (central Alps). 
(Havranek 1972) 

itation of extension growth in treeline conifers was 
provided by Loris (1981), Grace (1989) and James 
et al. (1994). Loris monitored electronically the 
radial thickness of Pinus cembra for 2 full years in 
the Alps. From his time courses of “radial cambial 
growth” and temperature during the growing 
season it appears that radial increments ceased 
whenever temperatures fell below ca. 5 °C, a tem- 
perature permitting needles to assimilate at over 
60% of the maximum for overcast and 25% of the 
maximum of bright weather conditions (Pisek 
and Winkler 1959). James et al. (1994) monitored 
shoot height extension of Pinus sylvestris over two 
seasons at the treeline in Scotland and found a low 
threshold meristem temperature of between 5 and 
6°C in native trees, and between 6.5 and 7.5 °C 
in potted seedlings. Early season shoot extension 
growth is largely based on last season reserves and 
not dependent on current photosynthesis. 

Altogether these experiments clearly docu- 
ment the significance of a critical temperature 
for growth under otherwise quite favorable condi- 
tions for photosynthesis during the day. At low soil 
temperatures, shoot activity appears to be tightly 
controlled by root activity. The existence of a crit- 
ical temperature for tree growth was a self-evident 
assumption in most of the growth analytical work 
at alpine treelines (e.g. Oswald 1963, Ott 1978) and 
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its narrowing to a “shoot maturation problem” 
overshadowed the more fundamental cause of 
global validity. A thermal limit to the metaboliza- 
tion of assimilates was also DahFs (1986) explana- 
tion of high latitude limits of tree growth. 

In summary, critically low temperatures in the 
root zone may have at least three different conse- 
quences: (1) no root growth, (2) no or very slow 
shoot development, and (3) no or strongly re- 
duced photosynthetic gas exchange, with the 
causal sequence from 1 to 3. Low temperatures in 
one season also significantly affect growth in the 
next season. Such carry-over effects are often 
attributed to reduced storage reserves, but Mikola 
(1962), Roberts and Wareing (1975), Junttila (1986) 
and others have shown that the number of leaf pri- 
mordia, and thus the number of internodes in the 
bud is affected and determines next year’s shoot 
elongation. Once more this is a developmental and 
not a resource driven control of growth. 

The critical temperature for such direct effects 
on growth and development appears to be higher 
than 3 and lower than 10 °C, possibly in the 5.5 
to 7.5 °C range most commonly associated with 
treeline positions according to Figure 7.4, but 
the responsible physiological and developmental 
mechanisms await to be analyzed. Remarkably, 
growing season soil temperatures under true 
alpine vegetation at much higher altitudes fall in 
the same range and reflect the thermally positive 
effect of low stature vegetation as discussed in 
Chapter 4. Halloy and Mark (1996) report means 
of between 5.9 to 8.1 °C for the three warmest 
months for phyto-geographically comparable 
alpine sites at 46, 26 and 0° latitude. Since this 
topic relates to mechanisms of plant life in cold 
climates in general, I refer to the discussion in 
chapter 13. 

This sink oriented hypothesis of treeline for- 
mation also provides a better explanation of the 
pronounced effects of rather minute changes in 
temperature seen in tree rings of treeline trees 



(e.g. Mikola 1962, Schweingruber et al. 1988, Grace 
and Norton 1990). There is no gas-exchange 
related basis to explain a doubling of ring width 
for a 2-3 K warmer season (or 300-500 m lower 
altitude), even if one accounts for some auto- 
correlation with sunshine hours. 

I want to close this chapter by again referring 
to Daniker (1923) who assumed, based on the 
knowledge at the beginning of this century, that 
the necessary warmth of the ground is missing 
in the shade of trees, and, intrigued by the rapidi- 
ty of the reduction of tree vigor near the treeline, 
was convinced that a minimal “quantity of 
warmth” is required for what he called “life activ- 
ity”. It seems that there is little to add to this view 
75 years after its publication, except that we do 
now have a lot more data to support it. Attempting 
a mechanistic understanding, Daniker studied 
tissue formation, cell size and cell wall properties 
by simple light microscopy, driven by the aware- 
ness that - what we would call developmental cell 
biology - bears a great explanatory potential for 
the alpine treeline phenomenon as a low temper- 
ature boundary for tree growth per se. The cellu- 
lar processes involved open a wide field of research 
in which molecular physiology and plant ecology 
need to become partners (see Chap 13). The 
experimental and observed evidence available 
today largely supports the view of the treeline as 
a thermal boundary for growth and formative 
processes. Dahl (1986) developed similar ideas 
based on respiratory demand. 

Trees, with their elevated canopy, negatively 
influence their shoot and root zone temperature, 
and thus co-determine their own distributional 
limit at high altitudes. In contrast, the low stature 
of alpine plants creates warmer tissue tempera- 
tures (Chap 4), and thus allows them to grow at 
altitudes high above the treeline, at temperatures 
often higher than those experienced by treeline 
trees. Once more, this is the result of interactions 
between plant morphology and climate. 
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Mountain tops, just like hot deserts are among 
those environments where life is dominated by 
climatic stress (Fig. 8.1). Climatic extremes play a 
key role in selection and evolution of alpine taxa. 
Whether those species and ecotypes which make 
their fortune in these “stressful” environments are 
“stressed” depends on whether stress is defined as 
a limitation of biomass production or of persistent 
presence and propagation (see Chap. 1). The two 
are not necessarily linked. In the first definition, 
alpine plants would rank as severely stressed, in 
the second, the answer is uncertain and may be 
“no” for plants at the alpine distributional center 
of some highly specialized species. However, inde- 
pendently of which concept one prefers, daily life 
in the alpine zone requires processes and struc- 
tures which minimize climatic impact by avoiding 
or tolerating what is commonly considered stress- 
ful in a cold climate. 

There are many definitions of stress in the lit- 
erature but none is without shortcomings (see the 
discussion by Larcher 1987, Osmond et all 987, 
Jones et al. 1989). Narrow definitions do not fit 
the variable nature of the many stresses plants 
are exposed to, and vague definitions do not help 
either. I suppose that the most important point is 
that stress is not seen as necessarily negative for 
an organism. To some extent stress is an essential 
component of successful life - and not only in 
plants. In Larcher’s (1987) words “stress contains 
both destructive and constructive elements, it is 
a selective factor as well as a driving force for 
improved resistance and adaptive evolution”. By 
no means should “stress” be used as a synonym for 
all sorts of constraints that limit growth to rates 
below the genetic potential, because in this sense 



all plants, except those growing in physiologically 
“optimized” culture conditions would be perma- 
nently “stressed” and “stress” would become syno- 
nymous with “normal” life (see the discussion on 
limitations in Chap. 1). 

In this chapter, the discussion of stress will 
largely be restricted to thermal influences that 
cause losses of existing tissue (destructive stress) 
rather than the limitation of the production of new 
tissue. Thus, all gradual growth limitations com- 
monly falling under the category “suboptimal” will 
not be considered as “stressing”, just as biotic 
interactions such as competition for light and 
soil resources are not included. Many of these 
gradual growth constraints are significant co- 
determinants of survival of severe climatic stress. 
At least in stress-dominated environments, fast 
and unlimited growth leads to fragile, intolerant 
plants, which underlines the ecological irrelevance 
of a concept in which stress is confused with lim- 
itation in general. 

Low temperature stress and its survival by 
plants is one of the few fields in the alpine litera- 
ture that has exhaustively been reviewed before 
(Larcher 1985b; Sakai and Larcher 1987; Beck 
1994), allowing me to keep the re-assessment of 
this topic relatively short. Among other potential- 
ly important climatic stresses, exposure to extreme 
heat and ultra-violet radiation will be discussed. 
Mechanical stress has been touched on in Chap- 
ters 5, 6 and 7. Drought stress, rarely an existential 
threat in the alpine zone, will be dealt with in 
Chapter 9. Overall, these subjects will be treated 
largely at the phenomenological level, and the 
reader interested in cellular and molecular mecha- 
nisms will be referred to the relevant literature. 
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Fig. 8.1. A late spring freezing damage to leaves of Rumex alpinus at 2450 m elevation Swiss Alps (8 July 1998; see also color 
Plate 3d at the end of the book) 



Survival of low temperature 
extremes 

Freezing stress plays a decisive role in global plant 
distribution (e.g. Larcher and Bauer 1981; Sakai 
and Larcher 1987; Woodward 1987) and is the first 
environmental “filter” a species has to pass to 
become “alpine”. Since this selective filter operates 
over very long time scales, it can be assumed that 
the natural vegetation of an area is adjusted to 
cope with local low temperature extremes. Sur- 
vival at the species or population level does not 
necessarily imply that all individuals or all types 
of tissues remain unaffected. Hence, occasional 
injuries due to low temperatures are possible, 
which in turn alter the contribution of affected 
species to cover and biomass production (Korner 
and Larcher 1988). The likelihood of damage by 
subfreezing temperatures depends on the leeway 
between climatic extremes and tolerance limits 
during certain parts of the year. 

As discussed in the previous chapter, periods 
with predictable cold weather (winter) are unlike- 



ly to be critical because frost hardening provides 
sufficient protection unless the “normal” environ- 
ment is disturbed (e.g. by removal of snow in 
species dependent on snow protection, see Chap. 
5). Some fully hardened alpine species have been 
shown to survive dipping in liquid nitrogen 
(Larcher 1980, Sakai and Larcher 1987). The situ- 
ation is different when subfreezing temperatures 
occur unpredictably in the form of freeze-thawing 
cycles in spring or autumn or as freezing episodes 
during the growing season, and year-round during 
clear nights in the tropical-alpine zone. Under 
such conditions alpine plants may lose a sub- 
stantial fraction of above-ground tissue, but are 
unlikely to be killed (Larcher 1985b, Sakai and 
Larcher 1987). 

A typical late freezing situation in the alpine 
zone of the Alps (Tirol) was described by Kerner 
(1869) as follows: 

“During the second half of last June we had a 
heavy snowfall which covered the alpine zone, 
including south-exposed slopes, which had al- 
ready become snow- free up to 8000 feet. The snow 
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persisted down to the treeline for 7 days. For all 
low stature plants, this exceptionally cold period 
passed safely, but, taller perennial forbs and 
shrubs, which had already started to flush, and had 
partly protruded through the snow, suffered 
severely. Most young leaves were destroyed or des- 
iccated during the following warm weather. The 
young leaves of (the evergreen) Rhododendron fer- 
rugineum in the lower alpine belt, which had 
emerged shortly before, were killed outright. Even 
the new needles of the crippled spruces in the 
krummholz belt were frozen to death. However, 
higher up the slope, where Rhododendron had not 
yet flushed, the frost passed without any dis- 
advantage for these shrubs”. 

These observations contain three important 
points: (1) life form (height above ground), (2) 
developmental stage (time) and (3) snow cover, all 
co-determine the risk. Annual absolute minima in 
meteorological records do not capture such detail. 



While late freezing events reduce options for 
a productive season, early freezing events in 
autumn reduce gains as well. Leaf injury before 
natural senescence abruptly terminates photosyn- 
thesis and causes a loss of stored non-structural 
assimilates such as sugars, starch, lipids, proteins 
(which may be one third of leaf dry matter), and a 
loss of about half of the leaf mineral nutrients, 
most of which would have been recovered during 
normal senescence. In addition, the immature 
seed crop of late flowering species is lost. 

Another example: during the night of 27/28 
August 1995, a cold northwesterly front crossed 
the central Swiss Alps, bringing a heavy snow fall, 
followed by clear weather. Minimum 2 m air tem- 
perature during the first night dropped to -4.1 °C, 
followed by -5.4 °C 2 days later (much of the snow 
had melted by that time) and -4.3 °C after all snow 
had disappeared (Fig. 8.2). Ground temperatures 
possibly dropped 2-3K lower due to radiative 




Fig. 8.2. An early freezing event in the central Alps during late summer 1995. Explanation in the text. Leaf temperatures of 
prostrate plants were possibly 2-3 K lower than the 2 m air temperature due to radiative cooling once snow had melted. 
(Unpubl. data) 
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cooling. The following damage was observed near 
the summit of the Furka Pass at 2500 m altitude 
(300 m above treeline), where a lush alpine flora 
exists, and where the above temperatures were 
recorded: all species of Asteraceae and Campanu- 
laceae and some other late flowering species lost 
their entire diaspore crop. A large number of 
typical high alpine species such as Oxyria digyna 
lost a substantial fraction of their fully active 
leaves (see color Plate 3 at the end of the book). All 
forbs taller than 10-15 cm (the remaining snow 
depth on day 3 when air temperature reached its 
absolute minimum) and which were not bent to 
the ground, were decapitated by freezing (e.g. 
Apiaceae such as Ligusticum mutellina, the Aster- 
aceae Doronicum clusii). While some species have 
already started to senesce in August, many remain 
active until late September or October (e.g. Achil- 
lea sp.), hence the losses in effective season length 
for these species were 2 to 5 weeks. 

A worldwide comparison of freezing tolerance 
of alpine plants is rather difficult, because a great 
variety of “resistance” definitions, methods and 
pre-treatments have been applied, with hardly two 
data sets being readily comparable. For the current 
purpose I have selected data for critical tempera- 
tures ranging from first visible damage to 50% 
damage (Tables 8.1 to 8.3). 

The data for freezing tolerance in active tissue 
in Tables 8.1 to 8.3 show a strong species and organ 
specificity, and the tolerance ranges in communi- 
ties reflect the local temperature regimes. In low 
stature plants, freezing tolerance is not associated 
with growth form, leaf sclerophylly or plant family. 
Dwarf shrubs, cushion plants, herbaceous rosettes 
and sedges together cover a common range which 
is lowest in the temperate zone as exemplified for 
the Alps (-4 to -8 °C) where these limits also coin- 
cide with the low temperature limit of net photo- 
synthesis (Pisek et al. 1967; Larcher and Wagner 
1976). Flowers of early flowering species, such as 
Saxifraga oppositifolia may resist lower tempera- 
tures than leaves (-10 °C or less, data from Kain- 
mixller, in Moser et al. 1977). Seedlings of alpine 
plants tolerate low temperatures similar to leaves 
of adult plants (Sakai and Larcher 1987, p. 223), but 



Table 8.1. Freezing tolerance in leaves of actively growing 
herbaceous alpine plants across the globe. (See also Table 8.2 
and Fig. 8.3) 



Species 


Temperature (°C) 


Alps (cool temperate)® 


Primula minima 


-3 


Senecio incanus 


-4 


Geum reptans 


-4 


Soldanella pusilla 


-4 


Oxyria digyna 


-6 


Ranunculus glacialis 


-7 


Central Asian Pamir (warm temperate)*" 


Carex melanantha 


-14.5 


Dracocephalum discolor 


-13.0 


Potentilla pamiroalaica 


-13.0 


Saussurea pamirica 


-12.0 


Aster heterochaeta 


-11.5 


Sibbaldia tetrandra 


-11.0 


Ranunculus glacialis 


-11.0 


Primula pamirica 


-10.0 


Leontopodium ochroleucum 


-10.0 


Andes of northern Chile (subtropical)*' 


Adesmia echinus 


-14.2 


Adesmia subterranea 


-12.3 


Calceolaria pinifolia 


-20.0 


Chaetanthera acerosa 


-19.0 


Gymnophyton spinosissimum 


-12.0 


Menonvillea cuneata 


-16.3 


Viola chrysantha 


-20.0 


Mt. Kenya (tropical)"* 


Happlocarpha rueppellii 


-13 


Ranunculus oreophytus 


-14 


Senecio purtschelleri 


-14 


Carduus chamaecephalus 


-14 


Carduus chamaecephalus (4500 m) 


-15 



^ first visible leaf damage in herbaceous species. According to 
authors, there is little difference in temperature between first 
visible and 100% damage, and thus 50% damage (compiled 
from various sources by Larcher and Wagner 1976). 

^ survival criterion not specified, selected data for plants 
treated by 12 h frosting at 4300-4800 m altitude (Tyurina 1957 
cited by Sakai and Larcher 1987, p. 221). 

^ 50% reduction in photometric absorption of ethanol 
extracts of tetrazolium treated samples; middle of the dry 
summer in northern Chile (29°S, 3700 m altitude); standard 
deviation for 6-8 samples per species is ca. ±1 K (Squeo et al. 
1996). 

50% of maximum increase in conductivity after freezing 
treatment in submersed samples. (Beck 1994). 
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Table 8.2. Organ specific freezing 
tolerance in dehardened and fully 
hardened temperate zone alpine dwarf 
shrubs (data compiled'by Larcher and 
Bauer 1981) and plants forming 
compact cushions (Larcher 1980; Kain- 
miiller 1975) in the Alps. Numbers are 
temperatures (°C) at which 50% of the 
samples were damaged. Numbers in 
brackets are the maximum resistance 
in the fully hardened state in winter 



Species 


Type of organ 










Leaf 


Bud 


Stem 


Root 


Dwarf shrubs 


Empetrum nigrum 


-8 (-70) 


- 


- (-30) 


- (-30) 


Loiseleuria procumbens 


-6 (-70) 


- (-40) 


-10 (60) 


- (-30) 


Vaccinium vitis-idea 


-5 (-80) 


- (-30) 


-8 (-30) 


- (-20) 


Calluna vulgaris 


-5 (-35) 


- (-30) 


-5 ^30) 


- (-20) 


Cushion forming plants 


Saxifraga oppositifolia 


-10 (-196) 


- 


-19 (-196) 


-25 (-196) 


Silene acaulis^ 


-7 (-196) 


- 


-8 (-) 


-11 (-196) 


Carex firma 


-7 (-70) 


- 


-6(-) 


-8 (-70) 



^ Junttila and Robberecht (1993) report -9 (-30) °C for subarctic-alpine S. acaulis. 



Table 8.3. Frost tolerance in tropical-alpine plants in the 
Venezuelan Paramo at 4200 m altitude (°C, survival criterion 
as in Table 8.2). Note, the relatively tall shrubs of Hinterhuhera 
and Hypericum reach these limits by supercooling, whereas 
the other low stature plants tolerate freezing. (Squeo et al. 
1991) 



Species 


Type of organ 






Leaf 


Stem 


Root 


Hinterhuhera lanuginosa 


-12.3 


-13.8 


_ 


Hypericum laricifolium 


-10.9 


-11.2 


- 


Senecio formosus 


-9.3 


-7.9 


-3.7 


Castillea fissifolia 


-14.8 


-11.7 


- 


Arenaria jahnii 


-18.8 


-19.1 


- 


Azorella julianii 


-10.6 


-9.2 


-4.0 


Draba chionophila 


-14.8" 


-12.0 


-14.0 


Lucilia venezualensis 


-14.3 


-11.7 


-9.8 



^ -14°C for 4700m, Azocar et al. (1988). 



their establishment may be additionally restricted 
by ice heaving of soil (see Chap. 6). 

Comparable tropical- alpine species in Vene- 
zuela and East Africa tolerate temperatures twice 
as low (-9 to -19 °C). Shrubs in the Hawaiian 
alpine zone (20°N) tolerate temperatures down to 
-11.8 and < -15 °C (Lipp et al. 1994). Numbers for 
the active season in continental warm-temperate 
or summer-dry subtropical mountains like the 
eastern Pamir and the Chilean Andes cover a 



similar range of -10 to -20 °C. The greater unpre- 
dictability of low temperature extremes in tropical 
and subtropical compared with temperate moun- 
tains apparently requires consistently higher frost 
tolerance. 

The data for herbaceous plants shown in Fig. 8.3 
permit a direct comparison of freezing tolerance 
of alpine and lowland species of one region, mea- 
sured during the peak of their growing season by 
the same procedure. The full range from first 
injury to complete damage for the 33 lowland 
species is -2.2 to -6.5 °C (four species not tested at 
low enough temperatures). The range for the nine 
alpine grassland species from 2000 m higher ele- 
vation is -5.5 to -9.6 °C, with Nardus and Carex 
hardly affected at the lowest temperatures tested. 
The mean ca. 3 K difference is small given that the 
adiabatic lapse rate corresponds to an UK dif- 
ference (see Chap. 3), and that radiative cooling 
during clear nights is more pronounced at high 
altitude. There is a tendency for graminoids to 
resist lower temperatures better than broad-leaved 
species. According to Larcher (1985b) active low 
altitude pasture grasses and alpine graminoids are 
both killed at around -7°C. Growth and photo- 
synthesis during the growing season apparently 
are incompatible with greater frost tolerance, and 
thresholds vary little with altitude. 

A special case are giant rosettes in the tropical- 
alpine environment. Data for Andean, East- 
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-1 -2 -3 -4 -5 -6 -7 -8 -9 -10 

Galium album 
Lotus corniculatus 
Vida angustifolia 
Thymus serpyljum 
Crepis taraxadfblia 
Piantago media 
Piantago lanceolata 
Euphorbia cyparissias 
Galium verum 
Trifolium campestre 
Taraxacum officinale 
Pteridium aquilinum 
Veronica sp. 

Trifolium montanum 
Chamaespartium sagittale 
Salvia pratensis 
Hypericum sp. 

Hieracium pilosella 
Veronica serpyllifolia 
Agrimonia eupatoria 
Knautia dipsacififolia 
Cirsium acaule 
Colchicum autumnale 
Betonica officinalis 
Leucanthemum vulgare 
Holcus lanatus 
Dactylis glomerata 
Trifolium pratensis 
Sanguisorba minor 
Polygala vulgaris 
Cerastium holosteoides 
Bromus erectus 
Knautia arvense 

Gentiana lutea 
Leontodon helveticus 
Trifolium alpinum 
Geum montanum 
Potentilla aurea 
Luzula lutea 
Poa alpina 
Nardus stricta 
Carex curvula 

-1 -2 -3 -4 -5 -6 -7 -8 -9-10 
Temperature (°C) 

Fig. 8.3. A comparison of frost tolerance in alpine and 
lowland herbaceous plant species during peak season i.e. 
the second half of July at high altitude (2470 m, Furka Pass, 
Swiss Alps) and mid May at low altitude (550 m, calcareous 
grassland near Basel). Ranges are indicated as beginning 
{open circles)^ half {triangle)^ and full damage {dark circle). 
(Unpubl. data) 



African and Pacific representatives of this spec- 
tacular plant type are listed in Table 8.4. The data 
from Beck, which includes repeated measure- 
ments over several periods from 3 different years 
illustrates a large temporal variation, even in such 
an equatorial environment (not presented in detail 
here). This variability possibly reflects the im- 
mediate weather-prehistory and/or phenological 
rhythms. In contrast, the data from Goldstein 
et al. presented here, differ little from various other 



Table 8.4. Critical temperatures for frost survival (50% 
damage) in mature leaves of tropical giant rosette species of 
the Venezuelan Andes (G: Goldstein et al. 1985; S: various 
sources after Squeo et al. 1991), Mt. Kenya (Beck 1994) and 
Hawaii (Lipp et al. 1994) 



Species 


Temperature (°C) 


Venezuela, 4200 m 


Espeletia schultzii 


-11.2 (G),-12.0 (S) 


E. moritziana 


-11.3 (G),-10.6 (S) 


E. spicata 


-9.5 (G),-11.3 (S) 


E. lutescens 


-10.2 (G) 


E. timotensis 


-11.9 (S) 


Mt. Kenya 4100-4200 m 


Senecio kenyodendron, 


-5 to -14 


S. keniensis 


-5 to -10 


Lobelia telekii 


-14.5 to below -20 


L. keniensis 


-10 to below -20 


Haleakala, Hawaii 2740 m 


Argyroxiphium sandwicense 


-14.8 



measurements at the same site in other years 
(Squeo et al. 1991). According to available tempe- 
rature records, the Andean Espeletia are unlikely 
to experience the extremes they are able to toler- 
ate (-9 to -1 1 °C), whereas for the African species. 
Beck actually measured a temperature as low as - 
16 °C, clearly within the range which was found 
critical (-5 to -20 °C depending on weather- 
prehistory). Beck’s data illustrate the need of 
repeated measurements in order to also account 
for such climatic extremes. 

Avoidance and tolerance of 
low temperature extremes 

The mechanisms by which alpine plants manage 
to cope with sub-zero temperatures fall into four 
categories. Plants may to a variable extent: 

• Avoid exposure to low temperature extremes 

• Avoid freezing of exposed tissue 

• Tolerate freezing 

• Substitute damaged tissue 



Lowland plants 
(520 m) 




Alpine plants 
(2500 m) 
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Avoidance of exposure to low temperature 

extremes is achieved in three ways: (1) by phen- 
ology (in extratropical mountains), (2) by mor- 
phology (life form), and (3) by microhabitat 
preference. Alpine plants in seasonal regions show 
very distinct phenological rhythms reflecting 
the long-term adjustment to a periodically cold 
climate (e.g. Soeyrinki 1938; S5rensen 1941; 
Mooney and Billings 1961; Heide 1985; Pangtey 
et al. 1990). 

By seasonal phenology, plants avoid exposure 
of sensitive tissue to intolerable temperatures. This 
requires temporal control of sprouting, flowering, 
seed maturation and senescence of summer green 
(deciduous) leaves. Annual plants have adopted 
the most extreme phenological mode of avoid- 
ing exposure to freezing temperatures. However, 
annuals are rare at alpine altitudes because of ob- 
vious difficulties of seedling establishment under 
the adverse climatic conditions (see Chaps. 2, 6 
and 16). The mechanisms by which seasonal 
phenology is controlled are similar to those con- 
trolling seasonally variable freezing tolerance in 
persistent tissues, which will be discussed later. 

Four phases of development (and hardiness) 
may be distinguished: (1) the dormant state in 
winter during which even warm spells or daytime 
radiative warming in snow- free vegetation will not 
activate plants (sensitive organs shed, maximum 
hardiness in persistent tissue). The low ratio of 
day/night duration and low night temperatures 
co-determine this quiescence. (2) In late spring 
the developmental blockade becomes loose, and 
opportunistic behavior (depending on actual tem- 
peratures) determines the annually variable onset 
of growth and the loss of full frost hardiness. (3) 
The third phase, the fully active period in summer 
with minimum resistance, is terminated in most 
alpine plants by photoperiod (critical day/night 
ratio), i.e. in contrast to spring activation, largely 
independently of the actual temperatures (exam- 
ples provided by Frock and Korner 1996). This 
assures timely completion of the seasonal growth 
cycle and prevents loss of active tissue by freezing. 
(4) During the following fourth phase, resources 
are recovered from active above-ground tissue 



by natural senescence, and seed maturation is 
completed before the first critical frost events. 
Perennial tissues increase hardiness under the 
additional influence of decreasing temperatures 
(Pisek and Larcher 1954; Schwarz 1970; Sakai and 
Larcher 1987; Junttila and Robberecht 1993, and 
references therein). 

Morphology, in particular plant size and the 
position of regeneration buds (e.g. Raunkiaer’s 
system of life forms) is the best known and most 
obvious means of avoiding low temperature 
extremes (Larcher 1995). In regions with winter 
snow cover, tall plants are at greater risk than small 
plants. During snow free periods and in the tropics 
in general it is not clear whether low or tall plants 
are at greater risk with respect to freezing damage, 
because of the complex interaction of convection 
and radiative cooling. In mixed communities, low 
stature plants receiving some shelter from taller 
ones are likely to profit under radiative freezing. 
However, in open vegetation prostrate plants are at 
greater risk because radiative losses of heat are not 
sufficiently mitigated by convective heat trans- 
fer as result of poor coupling to the atmosphere 
(Grace 1988). This may explain the vertical 
stratification of freezing tolerance and the survival 
mechanisms observed by Squeo et al. (1991) in the 
Andes. Leaves closely attached to the ground were 
found to be 3 K more tolerant and, in contrast 
to leaves of “supercooling” tall plants, exhibited 
freezing tolerance (see below). 

The great abundance of graminoids (often 
tussocks) and sessile herbaceous plants (often 
rosettes) in the alpine life zone of all latitudes is 
one of the most obvious examples of morpholog- 
ical avoidance of low temperature extremes. In 
most cases such plants have their apices, their 
basal leaf meristems (graminoids), their leaf 
primordia or premature leaves (dicotyledonous 
plants) and their premature reproductive organs 
several centimeters below the soil surface, protect- 
ing them from deleterious freezing temperatures 
(Fig. 8.4). As much as half of the total leaf mass 
may be below the ground because of the deep 
insertion level (Chap. 12) - a substantial structur- 
al and metabolic cost for this mode of avoidance. 
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Fig. 8.4. In most alpine plants, vegetative shoot apices and leaf meristems are buried several centimeters below the ground, 
and thus are not exposed to low and high temperature extremes. Carex curvula and Ranunculus glacialisy both from the Alps 
(2500-3000 m), and Perezia sp. from the northwestern Argentinan Andes (4250 m). 



Seedlings and young plants often lack this safety, 
but with increasing plant age, contractile roots 
cause a progressive retreat of the meristematic 
zone below the ground (see also Chap. 6). Buried 
meristems have many other advantages. During 
the growing period, they profit from stored 
daytime warmth during the night, they avoid 
the zone of most severe surface heating dur- 
ing hours of intense direct solar radiation, and 
they are safe from grazers and mechanical 
damage. 

Compact growth forms such as cushion plants 
profit from delayed night time cooling due to the 
heat capacity of either the moisture stored within 
the cushion or in the underlying soil or rock 
(unpubl. data by Larcher in Sakai and Larcher 
1987). Prostrate dwarf shrubs are likely to profit in 
a similar way from close attachment to the ground 
or burial in the litter layer or top humus (e.g. Salix 
herbacea and other alpine Salix species). 

A classic example of morphological protection 
from low temperature extremes is found in tropi- 
cal giant rosettes, which close during the night and 



screen the sensitive apical meristems (Beck 1994). 
In addition. Beck reports that some of these 
{Lobelia sp.) excrete up to 2 1 of fluid into the tight 
base of the rosette, submerging the core of the 
rosette in a thermal buffer. The protective nature 
of the dead leaf coat around stems of tropical giant 
rosettes is well established (Monasterio 1986). 

Microhabitat selection is of obvious signi- 
ficance if one compares open versus sheltered 
sites, snowbeds versus ridge-tops etc. (see Chap. 4 
and 5). The associated differentiation of frost tol- 
erance was illustrated by Larcher 1980 (see Fig. 
5.9) and Larcher and Siegwolf (1985). 

In summary, the recipe for avoiding low tem- 
perature extremes is to restrict activity to safe 
periods and withdraw sensitive tissue during the 
cold season from exposed positions, to stay small 
and hide under snow or litter, or for taller, more 
resistant plants, to maintain all meristems below 
ground, as in grasses and most rosettes, and select 
topographically safe sites. Once the potential of 
these measures is exhausted the next step is to 
avoid tissue freezing. 
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Avoidance of freezing is possible in two ways, 
by osmotic adjustment, and by “supercooling”. 
The first, and least effective mechanism is freezing 
point depression by accumulating solutes such as 
sugars. Although solute concentration, and thus 
osmotic pressure in alpine plants and treeline 
trees has been shown to undergo characteristic 
seasonal changes associated with the seasonal 
course of temperature (Blum 1926; Michaelis 1934; 
references in Sakai and Larcher 1987), the gain in 
tolerance usually does not exceed 2 K, because it 
needs 1 mole of solutes for 1.8 K freezing point 
depression, which, at the same time, causes the 
osmotic potential to drop by -2.2 MPa. Compared 
with lowland plants, alpine plants and treeline 
trees do not appear to exhibit consistently higher 
solute concentrations (Walter 1931;Turesson 1933; 
Mooney and Billings 1965; McCracken et al. 1985; 
Goldstein et al. 1985, Pantis et al. 1987; Chapin and 
Shaver 1989; Earnshaw et al. 1990), which suggests 
that this is not the main way of achieving low tem- 
perature resistance. However, it needs to be noted 
that the accumulation of sugars and other solutes 
at low temperatures may fulfill more than just 
osmotic functions (e.g. metabolization of other 
substances or provision of energy and direct cry- 
oprotective effects on biomembranes, see below). 

More effective (though risky, as will be shown) 
is a process called supercooling which, by avoid- 
ing nucleation, permits leaf and stem tissues to 
cool substantially below freezing point without 
freezing. This delay of solidification of water is 
favored by the compartmentalisation of plant 
water into cells and vessels, by cell wall impregna- 
tion with lignin, by the specific structure of water 
in solutions and by the absence of particles which 
initiate the crystallization process. In areas with 
regular, but not too low freezing temperatures 
(reliably never below -12 °C) such as in parts of 
the tropical-alpine life zone of the Andes, it 
appears to be an important mechanism for frost 
survival, as was documented for giant rosettes and 
taller Shrubs (Goldstein et al. 1985; Squeo et al. 
1991). In mature leaves, the supercooling effect is 
of limited duration (several hours) and is therefore 
called short-term supercooling. 



When temperatures below supercooling capac- 
ity occur, supercooling becomes a fatal strategy, 
because freezing takes place abruptly, not permit- 
ting cellular water to feed intercellular ice forma- 
tion (as will be discussed below), which would 
ensure gradual protoplast dehydration. In such 
environments, early freezing, rather than a delay 
of freezing ensures survival. Mucilage, frequently 
found in leaves of freezing tolerant alpine plants, 
was suggested to assure early nucleation and min- 
imizes supercooling right from the beginning (see 
discussion in Lipp et al. 1994; mucilage micro- 
graphs in Korner et al. 1983). Thus, short-term 
supercooling is risky when temperatures below 
the nucleation point are possible - the reason why, 
in contrast to the Andean Espeletia, African giant 
rosettes, which experience lower temperatures, do 
not appear to employ supercooling, but are freez- 
ing tolerant, just as Andean plants from much 
higher altitudes are (Azocar et al. 1988). 

In tissues with unexpanded or otherwise small 
cells such as in buds or seeds, but also in woody 
tissue, persistent deep supercooling to tempera- 
tures below -35 °C has been found. For instance, 
Becwar et al. (1981) reported xylem water of tree- 
line trees to supercool to —40 °C. Explanations for 
this extraordinary physical phenomenon are not 
yet available - a difficult, but important field of 
future research (see the review by Sakai and 
Larcher 1987). 

Where low temperature extremes exceed short- 
term supercooling capacity or equilibrium freez- 
ing-point depression, true freezing tolerance is 
required for plants to survive. I have noticed that 
this term often causes confusion, because it is mis- 
taken as an indication of tolerance of whole tissue 
freezing, while in reality it is only water outside the 
protoplast (apoplast-water) which freezes - other- 
wise the tissue would be killed. No plant has been 
found to survive the formation of ice crystals 
within the cytoplasm. In the very short term, ice 
formation in close proximity to live cells by itself 
is a protecting process, because thermal energy 
is released at the liquid-solid transition, which can 
be measured upon nucleation as an abruptly 
increasing temperature (so called “exotherms”). 
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Slight supercooling (which occurs even in a glass 
of water), leads to a first exotherm when apoplast 
freezing commences. A second exotherm (or 
sometimes several exotherms) may indicate nu- 
cleation in different tissue compartments which 
undergo supercooling to lower temperatures, or 
osmotic freezing point depression, but more com- 
monly this indicates the freezing of the protoplast 
and cell death (some unexplained gaps between 
such a second exotherm and the actual injuring 
temperature are reported in the literature, e.g. 
Squeo et al. 1991). The frequently cited survival of 
submersion in liquid nitrogen is a very special sit- 
uation in which super-hardened plants are frozen 
so quickly that amorphous ice is formed which 
apparently does not recrystallize in a damaging 
way during the thawing process. 

Freezing tolerance means tolerating dehydra- 
tion of the protoplast due to rapid transfer of 
water to a growing body of ice in the intercellular 
space. In mature leaves, including those of alpine 
plants, intercellular air spaces commonly account 
for 25-30% of the total leaf volume (Korner et al. 
1989a). Ice may also form between the cell wall and 
the plasmolytic protoplast. In more compact tissue 
such as in buds, ice fills the niches resulting from 
progressive protoplast shrinkage. While intercellu- 
lar ice is formed, leaves become darker in appear- 
ance - an impression enhanced during thawing 
when the mesophyll becomes infiltrated (Fig. 8.5). 
In this situation photosynthetic gas exchange is 
blocked. In freezing tolerant plants the infiltration 
water is re-absorbed by cells in 1-4 hours after 
thawing and leaves return to the original lighter 
coloration and normal photosynthetic activity. 

Freezing tolerance requires plants to first 
control nucleation (see review by Andrews 1996) 
and second, to retain the plasma membrane in a 
fluid state so that water can be freely transferred 
from the interior of the cell as the extra-cellular 
freezing process progresses. Membrane fluidity 
is maintained by a characteristic phospholipid 
composition developing during cold hardening, 
with plants from cold climates generally exhibit- 
ing more fluid membranes (Sakai and Larcher 
1987; Beck 1994). Because of the associated dehy- 




Fig. 8.5. Intercellular ice formation withdraws water from 
cells and leads to filling of air spaces, often causing leaves to 
turn dark (enhanced during thaw). The photograph shows 
spotty infiltrations in Vaccinium myrtillus, recovering from 
freezing during the last night (mid May, near the treeline in 
the Alps). 



dration of the protoplast, a third requirement for 
the survival of extra-cellular ice formation is the 
stabilization of biomembranes both by structural 
adaptation and by protective (adhesive) sub- 
stances such as raffinose and trehalose (Sakai and 
Larcher 1987, p. 117; Larcher 1995, p. 362). These 
compounds assure the preservation of high order 
molecular structures during the distorting phase 
of extreme desiccation. The close link between 
freezing and dehydration tolerance finds expres- 
sion in their synchronized and parallel seasonal 
courses (Pisek and Larcher 1954; Larcher 1963b) 
and the positive effect of drought pre-treatment 
on frost tolerance (Larcher 1985b; Sakai und 
Larcher 1987). 

One aspect which has come up recently in a 
paper by Halloy and Gonzalez (1993) deserves 
further investigation: these authors observed 
higher survival of seedlings at the same low tern- 
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perature but at reduced atmospheric pressure or 
at increased altitude. If there were such a link 
between pressure and freezing sensitivity it would, 
besides the ecological implications, matter where 
(in terms of ambient pressure) experimental 
cooling treatments of alpine plants are conducted. 
Halloy and Gonzalez (1993) suggested that rapid 
membrane repair in the critical temperature range 
may benefit from reduced oxygen partial pressure. 
On the other hand, hypoxia has been shown to 
reduce frost resistance in winter cereals as well as 
in roots and shoots of trees (references in Larcher 
1985b, p. 283). 

In cases where avoidance of low temperatures, 
avoidance of freezing, or freezing tolerance are 
insufficient, frost damage will occur and plants 
will lose part of their organs or even total above- 
ground biomass. In such situations survival 
depends on the buffering capacity of organ losses 
at the whole plant level. Repair and replacement 
abilities of a plant require morphological and 
developmental plasticity (Bell and Bliss 1979; 
Korner 1995). In seasonal climates responses will 
depend on the time of damage. Losses of young 
leaves and shoots due to late frost at the beginning 
of a 10 week alpine season leaves little time for 
replacement. The preformation of (embryonic) 
future leaf cohorts and sufficient storage reserves 
are crucial for a second flush. Species flowering 
early from preformed buds will rarely produce a 
successful second cohort of flowers. Late season 
losses of reproductive units in late flowering 
species are finite. The great risk of reproductive 
failure due to freezing damage (together with 
problems of seedling establishment) has led to 
abundant clonal propagation in alpine taxa. 

Although alpine plants do not possess greater 
storage organs than lowland plants (Korner and 
Renhardt 1987), the root system is commonly 
larger and carbohydrate and lipid reserves are 
substantial (see Chap. 12). Diemer (1996) has 
shown that some high altitude specialists can tol- 
erate repeated losses of much of their annual leaf 
crop by browsing with no obvious long-term 
harm, which is in line with the suggestion dis- 
cussed later, that alpine plants under most situa- 



tions are not carbon limited. Since graminoids and 
sessile rosettes have their vegetative apices at safe 
depth below the ground, replacement of tissue 
losses will be a matter of activating these intact 
meristems, whereas plants with above-ground 
meristems may have to develop whole new shoots, 
the reason why above-ground meristems become 
increasingly rare at high altitudes. 

Heat stress in alpine plants 

The title of this section sounds like a contradic- 
tion. However, damaging heat stress in high moun- 
tain environments is a realistic possibility. As was 
illustrated in Chapter 4, prostrate plant growth 
causes a decoupling of the plant’s environment 
from the ambient climate to such a degree that 
differences between tropical lowlands and glacier 
forefields may disappear periodically. What has 
evolved as the only way to escape the cold, namely 
the formation of a heat trapping morphology, can 
turn into a problem when solar radiation peaks, 
when top soils dry and winds calm. Maximum 
tissue temperatures may indeed surpass the heat 
tolerance threshold (Tables 8.5 to 8.7). 

Gauslaa (1984) compiled published data for a 
gradient from the Sahara to the Norwegian moun- 
tains, and the surprising result is seen in Table 
8.6. Unlike low temperatures, the maximum heat 
plants have to cope with varies little, despite the 
fact that the annual duration of exposure to such 
extremes is certainly different. The numbers once 
more document the enormous effect of plant 
canopy structure in cold environments. While air 
temperatures differ by 24 K between these habi- 
tats, mean maximum leaf temperatures are quite 
similar, in fact, almost identical in the Alps and 
Mauritania. Given these patterns, one would 
expect similar heat tolerance. 

Indeed, mean heat tolerance is surprisingly 
similar among these and other habitats (Table 8.7). 
The difference between the North African desert 
and the Norwegian fellfield is only 1.4 K. However, 
in each of these habitats, species differences do 
exist, which are related to the specific microhabi- 
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Table 8.5. Examples of maximum leaf temperatures measured 
under full solar radiation in midsummer in adult plants, under 
arctic-alpine (Gauslaa 1984), temperate-alpine (Larcher and 
Wagner 1976; Cernusca 1976) and subtropical-alpine (Breckle 
1973) conditions 



Regions/Species 


Tleaf 

(°C) 


T,i, 

(°C) 


TlearTair 

(K) 


Central Norway 900- 1400 m 


Silene acaulis 


45.5 


21.0 


24.5 


Rubus chamaemorus 


42.0 


16.5 


25.5 


Saxifraga oppositifolia 


39.9 


17.0 


22.9 


Dryas octopetala 


38.0 


20.3 


17.3 


Artemisia norvegica 


38.0 


19.0 


19.0 


Loiseleuria procumbens 


37.2 


19.4 


17.8 


Central Alps 2000-2300 


Sempervivum montanum 


54 


22 


32 


Carex 


47 


16 


31 


Arctostaphylos uva-ursi 


44 


25 


19 


Loiseleuria procumbens 


43 


23 


20 


Primula minima 


38 


14 


24 


Saxifraga oppositifolia 


35 


15 


20 


Hindukush 4350 m 


Carex nivalis 


40 


12 




Primula macrophylla 


38 


13 





tat conditions. Table 8.8 shows the amplitude of 
heat tolerance for Norwegian alpine plants (43.5 to 
53 °C). Larcher and Wagner (1976) reported values 
between 45.5 and 55 °C for the central Alps, with 
the highest number for the alpine facultative 
CAM-plant Sempervivum montanum. A maximum 
temperature of 60 °C is reported by Kainmiiller 
(1975) for Car ex, growing on steep, equator 
facing calcareous rocks at 2300 m altitude above 
Innsbruck. 

Gauslaa tried to group his large data set from 
which the examples in the Tables were extracted, 
and he found similar ranges of heat resistance for 
plants from alpine heath and open lowland habi- 
tats on shallow soil (LD 50 ca. 51 °C), for rock and 
scree vegetation, dry alpine snowbed communities 
and mixed lowland forests (LD 50 ca. 48 °C), 
and for wet alpine snowbed communities, mire- 
and spring-vegetation and lowland forest under- 
story (LD 50 ca. 46 °C). Standard deviations in each 
group are between ± 2 to 3 K, hence are substan- 
tially greater then the differences between means 
in the above global comparison. Heat pre- 



Table 8.6. A comparison between 
maximum leaf temperatures from the 
African desert to the Norwegian alpine 
zone, compiled by Gauslaa (1984 from 
his own data; Larcher and Wagner 


Region 


Number of 
plant spp. 




Tai,(°C) 


TlearTait 

(K) 


Norway (arctic-alpine) 


10 


36.8 ± 1.7 


19.3 + 0.7 


17.4 ± 1.8 


1976; Lange 1959; Lange and Lange 


Alps (temperate-alpine) 


6 


43.5 ± 2.7 


19.2 ± 1.9 


24.3 ± 2.4 


1963) 


Spain (coastal-mediterranean) 


19 


40.4 ± 0.9 


31.7 ±0.7 


10.6 ± 1.0 




Mauretania (subtropical desert) 


15 


44.4 ± 1.3 


43.7 ± 1.4 


0.7 ± 1.2 



Table 8.7. A global comparison of 
mean heat tolerance (50% survival) for 
plants from contrasting environments 
including alpine (A). (References in 
Gauslaa 1984 and original data from 
Larcher and Wagner 1976) 



Region 


number 
of species 


Mean 

temperature 


Authors 


Mauretania 


52 


49.4 


Lange (1959) 


Spain 


39 


50.4 


Lange and Lange (1963) 


Puerto Rico 


39 


49.1 


Biebl (1964) 


Greenland 


23 


48.1 


Biebl (1968) 


Norway (A) 


89 


47.6 


Kjelvik (1976) 


Norway (A) 


118 


48.0 


Gauslaa (1984) 


Alps (A) 


10 


47.r 


Larcher and Wagner (1976) 



“ Means calculated from highest temperatures with no damage and temperatures at 
100% damage. This may underestimate the true 50% survival threshold. 
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Table 8.8. The variability of heat tolerance (50% suvival) in a 
selected number of alpine species from Dovre Fjell, Central 
Norway. (Gauslaa 1984; data in brackets by Larcher and 
Wagner 1976 from the Alps) 



Species 


Temperature (°C) 


Herbaceous species 


Oxyria digyna 


43.5 (46.5)“ 


Arabis alpina 


44.1 


Ranunculus pygmaeus 


46.2 


Ranunculus glacialis 


47.1 (46.5) 


Ranunculus nivalis 


47.6 


Astragalus norwegicus 


47.5 


Gentiana nivalis 


47.5 


Draba alpina 


48.2 


Hieracium alpinum 


50.5 


Potentilla crantzii 


51.7 


Prostrate woody plants 


Salix herbacea 


46.5 


Salix reticulata 


47.6 


Cassiope hypnoides 


47.5 


Loiseleuria procumbens 


51.8 (50.0) 


Arctostaphylos uva-ursi 


52.9 (52.0) 



® Calculation as in Table 8.7. 



treatment (“heat hardening”) can cause an upward 
shift of the 50% survival threshold by about 2K. 
The most extreme difference was found between 
completely dehardened plants and plants hard- 
ened by maintaining them for 24 hours at close to 
lethal temperatures. Under such conditions a shift 
from 45.1 to 50.1 °C in LD 50 was found in Oxyria 
digyna and from 46.6 to 48.7 °C in Ranunculus 
glacialis. 

In summary, these data illustrate similar heat 
stress and similar heat tolerance in lowland and 
alpine environments, independently of latitude. 
The range of heat tolerance thresholds among 
species is rather narrow, the acclimative potential 
is comparatively small and so is the difference 
between peak temperatures found in the field and 
observed heat tolerance, particularly in the most 
prostrate alpine plants growing in isolation or 
with large spacing on shallow soil. The establish- 
ment of seedlings on such microsites is only pos- 
sible in spring or autumn or in a very wet seasons 
(see discussion of topsoil temperatures in Chap. 



4). The frequently observed persistence of patches 
of bare humic soil within alpine vegetation is likely 
to be related to heat stress. Gauslaa (1984) reports 
that he had measured surface temperatures in 
Silene acaulis of 45 °C for 2h and found this part 
of the cushion with brown leaves the next day. 
Since the preceding days were rainy there was no 
doubt that extreme heat (and not desiccation) had 
damaged these leaves. In the central Alps, brown, 
leafless patches on the southern part of Silene 
acaulis cushions are quite common. Compact 
cushions or prostrate plants narrowly attached 
to dark otherwise non-vegetated ground are 
extremely vulnerable to overheating (Larcher 
1977), and are thus restricted to high altitudes or 
sub-polar latitudes. These are the only regions 
were plants of this growth habit can survive. For 
all other alpine growth forms heat stress is a 
potentially critical factor during seedling estab- 
lishment on equator facing slopes because the 
short season forces recruitment into the hottest 
part of the year. 

Heat tolerance is a matter of membrane stabil- 
ity and parallels frost tolerance which leads 
to a counter-intuitive seasonal trend with peak 
heat resistance in winter-hardened tissue and 
minimum resistance in summer ( e.g. Lange 1961; 
Schwarz 1970; Kainmiiller 1975). For instance, 
Kainmixller’s data show a heat resistance in Sax- 
ifraga oppositifolia of 55 °C in midwinter and 51 °C 
in midsummer. The seasonal amplitude in heat 
tolerance is much smaller than that in frost toler- 
ance and commonly does not exceed 5-8 K. 

These considerations illustrate a dilemma of 
alpine plant life. Upright growth does not capture 
enough warmth to facilitate growth above the tree- 
line (see also Chap. 7). Prostrate growth, on the 
other hand, creates a warmer, favorable microcli- 
mate during the day, but bears the risk of peri- 
odic overheating. From an ecosystem point of 
view, the long-term stability of alpine slopes and 
their precious soils is best assured under such 
stress situations by the presence of a mixed vege- 
tation were the various climatic risks are distrib- 
uted among various morphotypes. In this respect 
high biodiversity is the best “stress management”. 
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It is obvious that any damage of alpine vegetation 
that opens the ground and allows surface heat to 
accumulate (see Chap. 4) can lead to sustained 
bare spots, which may be eroded before vegetation 
has a chance to return - an important aspect for 
alpine land use and conservation (Korner 1980; 
Chapin and Korner 1995). 

Ultraviolet radiation - 
a stress factor? 

In popular literature, UV-radiation is regularly 
mentioned as a key factor in alpine plant life, 
however, this is not based on sound scientific evi- 
dence. Perhaps this view emerged from moun- 
taineers’ frequent experience of erythema. While 
extreme temperature stress at high altitudes is 
documented and understood reasonably well, the 
morphogenetic and potentially stressful influence 
of UV-radiation is not. A century of interest in 
this field of experimental alpine ecology has seen 
many attempts at answering the question of 
whether alpine plants are dwarfed, develop small 
and thick leaves and colorful flowers because of 
enhanced UV-radiation. In the very early literature 
(cf. Schrbter 1908/1926), this was assumed without 
real facts and the story has been perpetuated over 
the years. Today there is still little, if any, evidence 
in favor of this hypothesis. However, before enter- 
ing this field in more detail, a few words on the 
meteorological aspects of UV-radiation. 

'‘Ultraviolet” refers to the invisible, short wave 
part of the solar spectrum in the range of ca. 200 
to 400 nm, of which the most dangerous wave- 
lengths, shorter than 280nm(UV-C), never get to 
the ground. UV-C is absorbed by oxygen splitting 
and by interactions with the resultant ozone in the 
earth’s uppermost atmosphere at 25 to 30 km alti- 
tude. The longest wavelength segment of the UV 
spectrum, between ca. 320 and 400nm(UV-A), is 
transmitted through the atmosphere in a similar 
way to visible solar radiation and exerts little extra 
impact on organisms. It is the 280-320 nm band 
(UV-B) and its variable atmospheric transmit- 
tance and damaging potential, which makes UV 



ecologically and medically so significant. As has 
been mentioned in Chapter 3, the UV-B contribu- 
tion to total solar radiation tends to increase with 
altitude, as do the frequency and intensity of 
extremes of total solar radiation, but long-term 
means are strongly dampened by cloudiness, 
which tends to increase with altitude as well. 

Often, the consequences of reduced screening 
of the horizon at high elevation, the more intense 
total solar radiation, strong reflectance from snow 
or bright ground, and - in the case of sun burn - 
the longer outdoor exposure during mountain 
tours, are attributed to UV-B effects, but in reality 
are largely explained by the overall radiation dose. 
Researchers, like mountaineers prefer bright days, 
which leads to a biased impression of environ- 
mental conditions for alpine plants! Altitudinal 
trends in UV-B for clear days are likely to be 
steeper than those in means across all days. While, 
in relative terms, UV-B radiation may be even 
more intense under overcast conditions at high 
compared with low altitude, the long-term dose 
strongly depends on the relative frequency of such 
weather. But "clear day only” data also vary region- 
ally. While pronounced increases are reported for 
the Alps (e.g. Blumthaler et al. 1993), the differ- 
ences reported by Caldwell (1968) for the Rocky 
Mountains Front Range in Colorado are compara- 
tively small. 

Since absorbance of any component of solar 
radiation by the atmosphere depends on the path- 
length of solar rays through the atmosphere, there 
is a strong latitudinal decrease of UV intensity 
measured in the direction of incoming radiation. 
On a horizontal plain, the reduction is even 
greater. Also, the ozone layer is thinnest near the 
equator and thickest near the poles (Caldwell et al. 
1980, 1989), which further enhances latitudinal 
differences. This statement refers to midsummer 
conditions and does not account for recent peri- 
odic depletions of the ozone shield, particularly in 
polar regions (the so called “ozone hole”). The 
combination of latitudinal and altitudinal trends 
yields maximum UV-exposure in tropical-alpine 
and minimum in arctic lowland plants. Tropical- 
alpine plants in the Andes are exposed to more 
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than sevenfold the total daily effective UV-B radi- 
ation experienced by plants in sub-arctic Alaska 
during the peak of the growing season (Caldwell 
et al. 1980; Robberecht et al. 1980). 

As with freezing stress, an important question 
is whether, and how, UV-B radiation reaches 
potentially sensitive tissue. In other words, “avoid- 
ance” must be known before tolerance can be 
discussed. In leaves, avoidance of mesophyll ex- 
posure to UV-B radiation can be achieved by (I) 
reflectance at the surface, (2) absorption through 
pubescence, waxes, the cuticle and outer cell walls, 
(3) absorption by epidermal cells, and (4) by 
placing sensitive tissue such as meristems below 
ground. 

Reflectance of UV-B radiation on leaf surfaces 
is reported to be low (less than 10%, see references 
in Caldwell 1968, DeLucia et al 1992), but may be 
enhanced slightly by pubescence just like visible 
short wave radiation (Gauslaa 1984). Caldwell 
compared UV-A reflectance of 13 montane (ca. 
1800 m) and 18 alpine species (ca. 3750 m) and 
found no difference between the two groups, with 
reflectance ranging from 1.5 to 7%. I am unaware 
of reflectance data for UV-B in alpine plants, but it 
can safely be assumed that the majority of incident 
UV-B is likely to be absorbed and not reflected, 
hence, unlike some flowers, leaves are “UV-dark”. 

The first systematic analysis of leaf epidermal 
UV-B transmittance, including alpine plants, 
was conducted by Lautenschlager-Fleury (1955) in 
Basel. She discovered that isolated epiderms of 
a broad variety of herbaceous species transmit 
between 2 and 25% of incident UV-B, hence, 
according to her data, 75 to 98% is absorbed before 
reaching the mesophyll, and in most cases, it made 
little difference whether epidermis mounted on 
a special holder in a spectro-photometer were 
turgid or dried. Fused silica optical fiber studies in 
intact leaves of herbaceous plants conducted more 
recently by Day et al. (1992) revealed much higher 
transmittance of 18-41% in meadow plants near 
the treeline. The discrepancy between the two data 
sets is unlikely to be due to measurement “errors”, 
but reflects the fundamental difference of how 
transmittance is defined. The situation is similar 



to radiation measurements in snow (see Chap. 5) 
where back-scatter may more than double read- 
ings taken by a pointsensor within the absorbing 
matrix, compared with readings at a “dark plane” 
below a considered substrate layer. Point measure- 
ments (largely independent of acceptance angle) 
within the absorbing tissue reflect the light regime 
at this point, but do not represent “transmittance” 
of the overlaying stratum in the physical sense 
according to Lambert- Beer’s law. However, this 
will not affect the comparability of data within one 
measurement technique. 

Lautenschlager-Fleury’s data show (1) consis- 
tently higher absorbance by upper versus lower 
epiderms, (2) that the absorption is largely asso- 
ciated with solutes rather than with cell wall prop- 
erties, and (3) that both rapid short-term as well 
as long-term acclimation does occur, which is (4) 
associated with intensity of visible solar radiation 
rather than UV-B per se. In addition, Caldwell 
(1968), Caldwell et al. (1982) and Ziska et al. (1992) 
demonstrated (5) significant ecotypic differences 
in UV-B transmittance or mesophyll sensitivity. In 
Lautenschlager-Fleury’s study, epiderms of alpine 
plants exhibited the lowest transmittance of all 
studied groups of plants (Table 8.9). While 1.5 to 
8.4% of incident radiation was transmitted in the 
alpine group (Tab. 8.10), the range was 5.0 to 16% 
in fully sun exposed forbs from low altitudes. 
Smaller overall epidermal transmittance of only 
ca. 3% and no such altitudinal differences were 
found by Caldwell between the plains (1700 m) 
and alpine altitudes (3450-3750 m) which paral- 
leled the negligible difference in UV-radiation 
data along this transect. Perhaps this is associated 
with the dry continental climate of these plains 
compared with the more humid and cloudy 
climate at the alpine site in the Rocky Mountains. 
Robberecht et al. (1980) report epidermal trans- 
mittances of UV-B below 2% in tropical alpine 
plants and values exceeding 5% at temperate and 
subarctic latitudes. In their morphological com- 
parison, Day et al. (1992) showed that epiderms of 
herbaceous plants generally exhibit the highest 
transmittance, compared with almost zero trans- 
mittance in conifer needle epidermis and grasses 
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Table 8.9. A comparison of upper 
epidermal UV-transmittance in vari- 
ous groups of herbaceous plants. 
(Lautenschlager-Fleury 1955, number 
of species in brackets) 



Table 8.10. Mean epidermal transmit- 
tance of UV-B in field grown leaves of 
alpine plants of the central Swiss Alps. 
(Lautenschlager-Fleury 1955) 



Plant group (habitat) Transmittance (%) 

Lowland plants from deep shade 17.8 (7) 

Lowland plants from open fully sunlit habitats 9.3 (1) 

Mediterranean plants from open sites 7.9 (3) 

Alpine plants (Central Alps 1800-2500 m) 5.5 (14) 



Species and altitude 


Epidermal transmittance (%) 




Upper 


Lower 


Primula auricula 2100 m 


1.5 


2.0 


Gentiana punctata 2300 m 


2.5 


8.5 


Gentiana purpurea 1800 m 


3.3 


8.0 


Daphne mezereum 1950 m 


3.9 


6.6 


Gentiana verna 2100 m 


4.5 


3.7 


Saxifraga aizoon 1950 and 2500 m 


4.7 


3.3 


Primula viscosa 2200 m 


5.1 


7.5 


Veronica bellidioides 2300 m 


5.3 


10.1 


Erigeron uniflorus 2500 m 


5.7 


9.5 


Anthyllis vulneraria 1950 and 2100 m 


7.1 


12.1 


Cardamine resedifolia 2300 m 


6.7 


19.0 


Campanula thyrsoides 2200 m 


7.2 


22.8 


Lotus corniculatus 1900 m 


7.8 


12.3 


Sempervivum tectorum 2100 m 


8.4 


12.3 



or woody dicots, which hold an intermediate posi- 
tion. Epidermal transmittance thus appears to be 
correlated negatively with life expectancy (Day 
1993) and/or positively with metabolic capacity of 
leaves. 

In summary, leaf epiderms effectively protect 
the mesophyll from uV-B exposure and thus 
equalize temporal (season, weather), habitat (sun, 
shade) and large-scale altitudinal and latitudinal 
differences in UV-B exposure of mesophyll tissue 
of plants. UV-B absorbance is associated with 
active metabolism in the epidermis and shows 
high acclimative potential. There is no indication 
that the mesophyll of alpine plants is exposed to 
substantially higher UV-B levels than the meso- 
phyll in comparable lowland plants of similar 
latitude. 

Among the substances responsible for UV-B 
absorbance, flavonoids and related phenolic com- 



pounds are most important (e.g. Lautenschlager- 
Fleury 1955; Klein 1978, Robberecht and Caldwell 
1983; Larson et al. 1990; Ziska et al 1992; Gonzalez 
et al. 1993) which, when extracted confirmed the 
trends seen in intact epiderms (Lautenschlager- 
Fleury 1955; Caldwell 1968). The amount of 
soluble flavonoids in leaves can be remarkable: 
Veit et al. (1996) found that up to 10% of the dry 
mass of leaves of the fern Cryptogramma crispa 
collected at 2050 m altitude in the Swiss Alps 
were flavonoids. These authors also confirmed 
Lautenschlager-Fleury’s observation that flavon- 
oid concentrations can rapidly be adjusted to 
prevailing UV-B regimes and follow the diurnal 
course of solar radiation (Fig. 8.6). 

Among other protective agents, anthocyanids 
(in reddish leaves of some alpine plants during the 
cold season, cf. Caldwell 1968; see color Plate 3 at 
the end of the book), carotenes and waxes are 
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Fig. 8.6. Alpine plants have effective means of preventing 
“sun burn”: large amounts of soluble flavonoids absorb UV- 
B. In the case of the fern Cryptogramma crispUy studied at 
2050 m in the Swiss Alps (Ticino), the concentrations vary 
diurnally between 4.5% and almost 9% of leaf dry mass 
(open symbols; data for a clear day at the end of June). When 
screened with UV-B absorbing filters (dark symbols)^ the 
predawn base level is maintained throughout the day. The 
experiment also included a control with UV-transmissive 
filters under which the course of fiavonoid concentration 
paralleled the unscreened curve (not shown). Removal of the 
UV screen after 10 months of treatment caused the curves to 
merge within hours. (Veit et al. 1996) 



mentioned in the literature. It is unknown whether 
all these protective substances can sufficiently 
prevent the potentially mutagenic effects of UV-B 
radiation (Caldwell 1971) in high mountain floras 
(but see below). Since tropical mountains experi- 
ence particularly high UV-B loads, Lee and Lowry 
(1980), and Flenley (1993) and others have sug- 
gested evolutionary effects as well as influences on 
altitudinal limits of tropical montane forest. Phys- 
iological, biophysical and genetic data in favor 
of such UV effects in alpine plants are not 
available. 



It is often overlooked "that cell division and a 
large fraction of cell differentiation in alpine 
plants happens below the ground (see the dis- 
cussion on escape from freezing above). In the 
case of dwarf shrubs and cushion plants, bud 
scales envelop the developing leaf or shoot. In 
graminoids in particular, cell differentiation is 
largely completed when leaves emerge, and there 
is no difference in cell size of leaves between alpine 
and lowland plants (K5rner et al. 1989a, b). Also, 
flowering buds are commonly preformed below 
ground. Reports about the repressive influence of 
UV-B radiation on mitosis are all from experi- 
ments with tissue cultures or bare root tips under 
direct UV-B radiation (Klein 1978). Exposure of 
pollen during pollination and of pollen tubes 
during stigma surface penetration may be the 
single most critical step for mutagenic effects 
(Flint and Caldwell 1983). These authors showed 
that anthers filter out over 98% of UV-B, and that 
UV reflectance by the corolla is largely in the UV- 
A range, which is not considered mutagenic. 
Embryogenesis takes place under many layers of 
cells, and if negative mutagenic influences were 
effective during this phase of life, one would 
expect selection for a thicker pericarp and integu- 
ments in alpine versus lowland plants - not an 
obvious feature, but worth being explored - irre- 
spective of potentially effective chemical filters, as 
found in anthers. 

This observational evidence does not rule 
out the possibility of indirect morphogenetic 
influences of UV-B radiation via signal transduc- 
tion from mature tissue (hormones), but direct 
effects on developing tissue, specific to the alpine 
environment, appear unlikely. Finally, if such 
direct or indirect influences of UV-B radiation 
occurred, one would expect latitudinal gradients 
in alpine plant stature, which is not seen in nature. 
Many arctic and subantarctic plants in misty 
coastal ranges are extremely stunted and dwarfed, 
but receive very little UV-B compared with tem- 
perate lowland plants, not to mention equatorial 
plants. The big “global experiment” of alpine plant 
life at all latitudes and across different climatic 
regions once again assists in narrowing down the 
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most likely common denominator for the expla- 
nation of alpine dwarfism: low temperature (see 
Chap. 14). 

Having said this, what have we learned from 
UV-B experiments? Results of six experiments 
with alpine plants under UV-B absorbing window 
glass or special filters were published between 
1908 and 1955 (see review by Klein 1978). All 
suggest UV-B is effective. Screening UV-B reduced 
some of the morphological and anatomical char- 
acteristics of typical alpine plants. However, 
missing controls or replication, confounding envi- 
ronmental influences of screens and the horticul- 
tural nature of some of these early studies make 
it difficult to interprete the observations. It was 
shown repeatedly in greenhouse experiments 
with crop plants that enhanced UV-B can reduce 
growth and alter plant morphology (Klein 1978; 
Tevini et al. 1983) and more recently, rather mod- 
erate experimental UV-B enrichment has been 
shown to affect plants in the field as well (Caldwell 
et al. 1995; Rozema et al. 1997), but whether the in 
situ removal of the naturaUbmpact” of UV-B in the 
alpine zone has the opposite effect is uncertain. 

The first and so far only quantitative approach 
in this direction is CaldwelFs (1968) classic screen- 
ing experiment on Niwot Ridge at 3750 m altitude 
in the Rocky Mountains. In a fully replicated 
design, herbaceous alpine vegetation was screened 
by UV-B absorbing or UV-B transmitting plastic 
film filters for two growing seasons. In short, most 
growth and developmental parameters studied in 
five species did not suggest any significant change. 
In one species {Trifolium parryi), screening of UV 
enhanced flowering, in some species it slightly 
stimulated leaf elongation but, for instance, in 
Carex rupestris percent plant cover was reduced 
during certain periods when UV was excluded. 
Seasonal biomass yield per plot was slightly stim- 
ulated in Trifolium and Geum rossU, unchanged in 
Oreoxis alpina and Carex and somewhat decreased 
in Kobresia myosuroides. If persistent, such minute 
responses may translate into a biodiversity effect 
in the long term, but in accordance with the above 
observational data, there is absolutely no indica- 
tion that natural UV-B exerts destructive stress 



or imposes significant fitness constraints in the 
field. As small as these responses were, Caldwell 
detected pronounced alterations in leaf extract 
absorbancies (reduced under UV-exclusion), 
indicating that plants did indeed perceive the 
alteration in UV-exposure. When abruptly 
exposed to unfiltered late summer sun, no damage 
was observed in previously UV-protected plants 
(in contrast to the commonly observed damage in 
shade plants brought into sun), underlining the 
observations by Lautenschlager-Fleury (1955) and 
Veit et al. (1996) that visible solar radiation alone 
guarantees the maintenance of some base-level 
UV protection. 

When arctic and temperate- or tropical-alpine 
congeneric species or conspecific ecotypes were 
exposed to a 15 h UV shock treatment, a surpris- 
ing dichotomy of responses was observed (Cald- 
well et al. 1982). In high latitude ecotypes/species 
photosynthesis was reduced to 20-30% of that 
in unshocked plants, whereas low latitude eco- 
types/species were depressed to only 50-78% of 
controls and these responses were independent of 
UV-B pre-treatment, except for one out of eight 
species/ecotypes {Plantago lanceolata collected in 
the Peruvian Andes). In contrast to these latitude 
specific responses at the chloroplast level, epider- 
mal damage seen after this artificially high UV-B 
stress was not significantly different between the 
arctic and alpine group. Epidermal damage and 
photosynthetic damage are thus fundamentally 
different photo-biological reactions. 

It appears that UV-B tolerance at the chloro- 
plast level is also altitude specific. Liitz (1987) 
observed close associations of peroxisomes with 
chloroplasts and mitochondria and particularly 
high peroxidase activity in alpine Ranunculus 
glacialis. Accessory pigments are also part of this 
second ''defense-line” (Wildi and Liitz 1996). Berg- 
weiler (1987) in his very detailed analysis found a 
substantially greater abundance of carotenes in 
congeneric alpine versus lowland species. But the 
literature is not univocal in this field, with some 
researchers also reporting increased concentra- 
tions (Morales et al. 1982), others finding no ele- 
vational trends (Seybold and Egle 1940; Polle et al. 
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1992), and there are even reports of altitudinally 
decreased carotene contents (Todaria et al. 1980). 
Part of this inconsistency may have to do with 
the rather varied references used for expressing 
carotene content (fresh or dry mass, leaf area). 

Experimental exposure of seedlings of alpine 
and lower altitude species of Aquilegia to con- 
tinuously enhanced UV-B under controlled con- 
ditions did not affect photo synthetic capacity 
and stomatal conductance, but flavonoid contents 
increased, plants remained shorter and produced 
more leaves, and this UV enhancement effect was 
less pronounced in the high altitude species 
(Larson et al. 1990). Artificial UV enhancement 
also reduced plant height in 14 out of 33 species 
from an elevational dine in Hawaii, and again 
the high elevation provenances showed a smaller 
response (Sullivan et al. 1992). Trends were also 
seen in a comparison between congeneric alpine 
and lowland plants in the Alps (Rau and Hofmann 
1996). Photosynthetic capacity studied in a sub- 
sample of these species was maintained in the high 



elevation group, but reduced in low elevation 
provenances (Ziska et al. 1992), but it must be 
remembered, that these experimental plants did 
not grow under normal sunlight. 

In conclusion, solar UV-B radiation is unlikely 
to be an important constraint for growth and 
development of alpine plants. UV-B radiation has 
been an evolutionary selective force which has led 
to genetic differentiation of species from regions 
of contrasting UV-B regimes (Caldwell et al. 1982). 
There is no indication that the stunted growth of 
alpine plants is a direct response to UV-B stress, 
despite the fact that experimentally enhanced UV- 
B can moderately shorten plants under green- 
house conditions. For wild plants, evolved and 
grown under natural sunlight, UV-B radiation 
does not appear to exert “stress”. The only exep- 
tion may be the release from snowcover to full 
sunlight at the beginning of the season at higher 
latitudes, but even under these conditions adap- 
tive mechanisms have been illustrated to be very 
effective (see Chap. 5). 
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At high altitudes plant life is commonly less con- 
strained by moisture shortage than at low alti- 
tudes, but periodically and regionally variable 
water shortage does occur, and contributes to the 
overall impact of the physical environment on 
mountain plants (Fig. 9.1). In this chapter I will 
first discuss the overall hydrological situation, the 
land area based water balance and soil moisture at 
alpine altitudes - aspects which have strong links 
with Chapters 4 and 6. With this background in 
place, I will then summarize the current knowl- 
edge on alpine plant water relations. 

Ecosystem water balance 

At a given point in the landscape (e.g. the rooting 
zone of a plant) the water balance during the 
growing season is determined by three major 
components: 

• The net input of moisture (precipitation P plus 
drainage from uphill locations Di, minus surface 
runoff Dj., and deep seepage Dg) 

• The losses due to evaporative processes E, 
(including plant transpiration Ep, and direct 
evaporation of moisture from the soil Eg, and of 
surface wetness intercepted by plant structures 
Ei) 

• The change in soil moisture AR 

leading to the general water balance equation: 

P + Dj = Es + Ep + Ej "h Dj. + Ds + AR (9.1) 

The sum of all vapor-fluxes is commonly termed 
evapotranspiration. On flat terrain, or when Dj 
and Dr are equal (slope driven drainage in and out 



of a considered patch equal), or when the consid- 
ered area is large and includes a complete water 
shed (no Dj), and over long periods when plus and 
minus deviations in soil moisture cancel to zero, 
the equation becomes simplified to 

P = E + D. (9.2) 

In this case, knowing two elements allows cal- 
culation of the third. Precipitation, the most com- 
monly available parameter of the three, tends 
to increase with altitude at lower elevations, but 
exhibits no regular pattern at higher elevations 
(either increasing further or showing reversed 
trends) as was discussed in chapter 3. E can be 
obtained either directly by micrometeorological 
measurements or calculations, or by weighing 
lysimeters (containers with vegetated soil mono- 
liths), or indirectly, for larger areas (whole ‘‘catch- 
ments”) and long periods by subtracting river flow 
(runoff) from precipitation. Locally, there is also 
the possibility of measuring D directly from water 
captured under weighing or non-weighing lysime- 
ters (which force all runoff into Ds). These various 
methods have been employed for estimating the 
water balance of alpine terrain in temperate zone 
mountains (e.g. Baumgartner et al. 1983; Isard and 
Belding 1989; K5rner et al. 1989c). Information 
from subtropical and tropical mountains in this 
respect is rather limited. The following examples 
include data from the Alps, Rocky Mts., Caucasus, 
New Zealand, southeast Australia and northwest 
Argentina. 

Precipitation often - as exemplified in Figure 
9.2 for the Alps - continues to increase with 
increasing altitude (see Chap. 3). However, even if 
precipitation did not increase with altitude, or 
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Fig. 9.1. The three major life strategies plants have evolved for coping with the variable availability of water are present in 
the alpine zone and may be found coexisting on a hand size patch of vegetation: (1) desiccation tolerant (poikilohydric) 
plants such as lichen and mosses, (2) higher plants, using stomatal control, leaf area dynamics and deep rooting, and (3) 
succulents, which store water. Here a section of alpine turf with Cetraria sp, Carex curvula, Trifolium alpinum, and 
Sempervivum montanum (center front), (Swiss Alps, 2500 m) 



even slightly decrease, the E/P ratio would still 
decrease in such climates, because of the marked 
reduction of annual E. 

On an annual basis, there is an obvious in- 
crease in moisture surplus with altitude. These 
direct determinations of the seasonal water 
balance yielded similar altitudinal gradients of 
evapotranspiration to those obtained in 
three completely independent approaches using 
catchment data or meteorological calculations 
(Fig. 9.3). The annual vapor loss at 14 grassland 
sites in the central Alps drops from nearly 
700 mm at low altitude near Innsbruck (47°N) to 
210-250 mm at the upper limit of the alpine grass- 
land belt. 



The linear elevational reduction of E in Figure 
9.3 (see also Steinhausser 1970) is fully explained 
by the altitudinal decline of season length. When 
the seasonal vapor losses are divided by the 
number of snow- free days (a range from 90 to 310 
days) a seasonal daily mean of 2.3 mm d"^ (range 
1.9 to 2.6mmd“0 for all sites is obtained, with no 
significant altitudinal trend, despite substantial 
climatic differences across this almost 2 km range 
in elevation. This phenomenon results from at 
least three facts: (1) the growing period at highest 
altitudes falls in the warmest part of the year, 
whereas long cool periods in spring and autumn 
are included in the snow free period at low alti- 
tude; (2) as illustrated in Chapter 4, low stature 
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Fig. 9.2. The altitudinal variation of annual precipitation, 
evapotranspiration, and the sum of all drainage processes 
(runoff) for grassland areas in the eastern central Alps. 

(Data from lysimeter studies by Wieser et al. 1984) 

alpine vegetation heats up substantially under 
direct solar radiation, which enhances driving 
forces for evaporation (Smith and Geller 1979; 
Cernusca and Seeber 1981); (3) periodic moisture 
shortage at low altitude causes stomata to down 
regulate plant transpiration, a phenomenon not 
seen at highest altitudes (K5rner and Mayr 1981; 
see below). In contrast, uniform, well watered, 
potted horticultural plants exposed at different 
altitudes (closely coupled to respective atmos- 
pheric conditions) showed a consistent reduc- 
tion of transpiration with increasing altitude 
(Whitfield 1932). 

The figure of 2.3 mm d"^ represents a seasonal 
mean across all weather conditions. Typical bright 
day vapor losses are 3.7 and 4.5 mm d"^ for high 
and low altitude respectively (Korner et al 1989c, 
Fig. 9.4). Nakhuzrishvili and Korner (1982) report 
4 to 5mmd"^ (extremes 7mmd~^) for pastures 
near the treeline in the central Caucasus. Numbers 
for bright periods at midsummer in Rocky Moun- 
tain alpine grassland range from 3 to 5mmd~^ 



Fig. 9.3. The altitudinal variation of annual 
evapotranspiration (data points) at 14 grassland sites 
between 580 and 2530 m in the eastern Alps (treeline at 
2000 m, data from 1975-1978). The three labeled lines are 
estimates from three completely independent approaches. 
Steinhausser (1970) used catchment data for whole river 
systems, Muller (1965) and Kern (1975) used meteorological 
calculations (mainly based on temperature gradients) for 
two different parts of the Alps. (Korner et al. 1989c) 



depending on slope, with a mean for east and west 
slopes of 3.6mmd“^ (Isard 1986, see the discussion 
in the next section). Almost exactly the same range 
(2.6 to 5.3mmd“0 was estimated by Geyger (1985) 
for various types of closed vegetation in the high- 
Andean semi-desert of subtropical northwest 
Argentina between 4100 and 4800 m altitude 
(Fig. 9.5). 

For each of the above mentioned 14 sites in the 
Alps, the individual components of the water 
balance equation have been determined (with sep- 
arate inputs for the snow-free and snow-covered 
period; Korner et al. 1989c). As an example. Figure 
9.6 shows data for the most typical natural alpine 
grassland in the Alps, a low stature, sedge domi- 
nated mat (LAI of 2.3). Physiognomically similar 
vegetation types occur in the alpine zone all over 
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Fig. 9.4. Midsummer evapotranspiration in grassland on 
clear days in the central Alps and the central Caucasus. Data 
from periods of peak biomass development, i.e. early June at 
low altitude and mid-to late July at high altitude. Note that 
peak leaf area index along this gradient decreases from ca. 7 
at low altitude to <2 at the highest site. (Compiled from 
various sources by Korner et al. 1989c) 
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Fig. 9.5. Seasonal variation of estimates of daily 
transpiration of high andean semi-desert vegetation at 
4200 m altitude in the Sierra del Aquilar, northwest 
Argentina. Fluxes refer to unit ground area vapor losses of 
patches of closed vegetation calculated from leaf 
transpiration and LAI, and are given for the favorable part of 
the year. (Without evaporative contributions from soil under 
vegetation and areas without plant cover; Geyger 1985) 



the world; for instance, in the central Caucasus at 
2500 m, on Niwot Ridge in the Rocky Mountains at 
3600 m, or in the Southern Alps of New Zealand at 
1800 m. Figure 9.6 shows that most of the water 
leaves this ecosystem by runoff during snowmelt 
or by deep seepage in summer, with only a rather 
minor part of 7.8% of total precipitation lost via 
plant transpiration (all year E = 17%). In other 
words, the water discharge at this and possibly 
many other humid alpine sites, is largely liquid, 
driven by runoff and seepage rather than by 
evaporative fluxes. This is an important point 
for ecosystem stability, because it underlines the 
significance of mechanical properties of plants, 
dense root systems in particular, for protecting 
alpine slopes from surface erosion. In contrast, 
70% of annual precipitation (a four times greater 
fraction) leaves temperate zone low altitude sites 
in the form of water vapor, of which roughly two 
thirds passes through plants. 



Vapor loss from alpine vegetation was found to 
strongly depend on vegetation type (e.g. Pisek and 
Cartellieri 1941; Mooney et al. 1965). Lysimeter 
data for clear days in the Alps for the same alti- 
tude and exposure show a range from 2.1mmd“^ 
in a dry lichen heath to 8.2mmd~^ in a wet 
Polytrichum-moss carpet in a snowbed communi- 
ty (Korner 1977). Within graminoid vegetation 
numbers varied between 3.3 in low sedge turf to 
5.1mmd~^ in moist meadow stands. Bare, but 
humid soil averaged at 4.1 mm d"^ hence may 
evaporate more then vegetated ground, a phe- 
nomenon observed repeatedly in other places as 
well. Isard”s (1986) numbers for Niwot Ridge 
cover a similar range from 3 mm d”^ in moist shrub 
tundra to 5.5 mm d"^ in wet meadow. Across a 
fellfield knoll, Isard found pronounced south- 
north (but no east-west differences), but these dif- 
ferences were accompanied by changes in both soil 
and plant cover, hence do not allow the separation 
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Fig. 9.6. The partioning of annual precipitation to various 
evaporative and runoff fractions in an alpine grassland at 
2300 m altitude in the Alps (see the example on color Plate 
2d at the end of the book). Superscript v indicates fluxes 
during the vegetation period and w indicates fluxes during 
the remaining part of the year (winter). For symbols see Eq. 
(9.1). (Korner et al. 1989c) 

of exposure effect from vegetation effect. Figure 
9.7 illustrates a situation where slope-only effects 
within a structured, but overall south oriented 
landscape, with very similar vegetation and soil 
(excluding a north slope) could be tested with 
mobile lysimeters. In this case, evapotranspiration 




Fig. 9.7. The spatial variability of evapotranspiration across 
an exposure gradient in alpine grassland at 2430 m altitude 
in the Alps. Means for in situ lysimeter measurements are 
for 20 bright days, those for lysimeters intermittently 
translocated to one common location (NE) are for 9 days, in 
1978 and 1979. (Korner et al 1989c). 

neither differed between slopes (largely east 
versus west), nor did it differ significantly between 
monolith-origin, when all lysimeters were exposed 
at one spot. These data are in line with Isard’s 
observation and suggest little mid-season slope 
effects on daily evapotranspiration as long as 
extreme north slopes are excluded, and vegetation 
is not too different. 

A dependency of water budgets on vegetation 
type was also reported by Mark and Holdsworth 
(1979) who found maximum water yield from 
natural undisturbed snow tussock grassland in 
New Zealand (55-68% of precipitation as runoff 
and/or seepage water), which is more than is 
yielded from exotic pastures or even bare soil. A 
special feature of snow tussock is the ability of its 
long, thin leaves to intercept fog, which contributes 
to the higher seasonal water yield. Mark et al. 
(1980) showed that natural alpine vegetation has 
a positive influence on catchment value and soil 
water balance when compared with introduced 
pasture mixtures, a similar finding to earlier 
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reports by Costin (1966) for the Australian Alps. 
However, traditional land use on well maintained 
alpine pastures may also reduce evapotranspira- 
tion as was shown for a short, sheep-grazed turf 
near the treeline in the central Caucasus, and for a 
cattle pasture in the Austrian Alps, both compared 
with adjacent abandoned pastures (Nakhuzrishvili 
and Korner 1982, Korner et al. 1989c). 

Except for the study by Geyger (1985), no such 
experimental data seem to be available for alpine 
vegetation outside the temperate zone, but this 
deficit can possibly be filled by remote sensing (see 
Chap. 4). Also, digital terrain data in connection 
with an energy balance model have been success- 
fully adopted to predict moisture distribution in 
alpine terrain (e.g. Bl5schl et al. 1991). At high soil 
moisture (a common situation in the alpine zone, 
see below) evapotranspiration has been shown to 
linearly correlate with net radiation (Isard and 
Belding 1989). The high fraction of solar energy 
converted to latent (i.e. evaporative) heat also 
causes the Bowen ratio (the ratio of sensible/latent 
heat) of closed alpine vegetation in the humid 
temperate zone to be comparatively low, common- 
ly below 0.5, and rarely above 1 (Cernusca 1977; 
Cernusca and Seeber 1981; Tappeiner and Cer- 
nusca 1996). In their grassland study, Cernusca 
and Seeber (1981) noted an increase in Bowen 
ratio in the upper part of their transect , but this 
had to do with a reduction of LAI from 7 to 2 and 
an absolute increase in heat convection. 

In the subtropics and part of the tropics, 
precipitation does not continuously increase with 
altitude, as was discussed in Chapter 3. In some of 
these areas, precipitation drops so dramatically 
above the condensation zone that alpine semi- 
deserts are formed, as for instance in some parts 
of central Asia and the southern Andes (see exam- 
ples above and below). 

Soil moisture at high altitudes 

Whether the common altitudinal reduction of the 
evaporation/precipitation ratio leads to improved 
plant water supply strongly depends on soil struc- 



ture, the actual pattern of rainfall distribution 
during the growing season, and plant cover. The 
term AR in Eq. (9.1) encapsulates the capacity of 
soils to store moisture, which in turn depends on 
the depth and quality of the rooted profile. In 
seasonal climates, soils usually enter the growing 
season saturated and whether moisture pools 
become depleted depends on the initial size of 
these pools, seasonal refilling and the length of the 
season. 

A number of authors have pointed to the fact 
that snow distribution and snowpack duration 
have a strong influence on soil moisture during 
the growing season (see Chap. 5). However, this is 
partly a coincidental, not straightforward causal 
relationship. Relief driven, moisture accumulation 
in summer is often found in the same places as 
snow accumulates in winter, and these sites are 
special in terms of soil conditions and microcli- 
mate, and thus bear a rather specific vegetation for 
several reasons. Snowbeds have repeatedly been 
shown to exhibit poor soil development, with high 
fractions of sand, and thus poor water holding 
capacity, despite high early season moisture (Isard 
1986; Fig. 9.8). Neuwinger (1980) found that expo- 
sure to wind during the growing season had 
the highest predictive power for soil desiccation. 
Hence, it is the topographic complex which con- 
trols soil conditions, and snow pack is part of this 
complex but not its sole cause. The longer the 
growing season, the less important are influences 
of snowpack, and the more influential other relief 
derived factors become, which thus dominate in 
the tropics. 

Which soil moisture matters? The top 2 cm 
of soil may desiccate periodically even in the 
wettest mountains of the world. The moisture 
in the largely inorganic material underground, 
perhaps Im below the surface, may not dry 
up even in semi-arid mountain climates. Soil 
moisture assessments in alpine terrain commonly 
cover the top 15 cm of the profile, the zone most 
relevant for biological activity including nutrient 
cycling. However, alpine plants almost always 
have a small fraction of deeper roots, not uncom- 
monly reaching to 1 m depth. These roots secure 
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some water supply even under conditions when 
surface soils desiccate. Consequently, available 
soil moisture data for the top 15 cm of soil profiles 
are relevant for topsoil root and microbial ac- 
tivity, but may not sufficiently explain plant water 
status - an important caveat for the following 
paragraphs. 

Associated with the altitudinal decrease of 
the E/P ratio, soil moisture tends to be higher at 
high compared with low altitude, provided profiles 
are similar in depth and quality. How deep are 
alpine soils, and how much moisture can they 
store? As was stated in Chapter 6, undisturbed 
alpine soils are often characterized by richness 
in raw humus (top of profile) and in rock debris 
(deeper profile). The former commonly enhances 
moisture storage capacity, the latter diminishes 
it. Humus rich soil layers in the alpine zone may 
have pore volumes up to 70% (Franz 1979; 
Wolfsegger and Posch 1980), and, on the other 
hand, coarse debris may occupy as much as 90% 
of deeper soil layers, a volume unavailable for 
moisture storage. 

Figure 9.8 shows maximum total available, and 
physiologically unavailable soil water contents for 
a series of soil profiles along a transect from the 
heart of the alpine grassland belt to its upper 
margins in the Alps. Roughly 50-60% of the profile 
can be filled by capillary water (which resists 
gravity) after snowmelt or saturating rainfall, 
which is typical for alpine soils (cf. Neuwinger 
1980; Isard 1986). Top layers usually have higher 
(55-65%) and deeper layers have lower (35-45%) 
pore volumes, and approximately half of the 
maximum soil moisture (after drainage of macro- 
pores) may be utilized by plants - the remaining 
moisture is hardly accessible. In sandy soils the 
usable fraction is higher, but the overall storage is 
much lower, because of greater pore sizes, and thus 
greater drainage. Profiles 5, 6 and 7 from snowbeds 
or a site with eroded topsoil store much less mois- 
ture compared with well drained intact profiles 
under dosed alpine grassland. The total amount 
of easily available moisture (soil water potential 
> -0.03 MPa) after snowmelt varies between 180 
and 340 mm under grassland and 65 to 110 mm 



Soil profiles between 2340 - 2510 m, 
Central Alps, Grossglockner area 




Carex Snowbed Eroded 

2340 - 2475 m 2317 - 2510 m 

1+2 alpine pseudogley, 3 m apart, well drained 

3 as 1 +2, steeper slope, solifluction front, 
alpine brown earth 

4 very steep, alpine brown earth 

5 E-exposed plateau, pseudogley 

6 pseudogley 

7 as 4, top 40 cm eroded 

Fig. 9.8. Water storage in alpine soils for full (rooted) 
soil profiles variing in depth from 30 to 140 cm in the 
Grossglockner region of the Austrian central Alps. Each bar 
illustrates the water content in millimeter water column at 
saturation {blanc), and at soil water potentials of -0.03 MPa 
and -1.6 MPa, the latter conventionally assumed to represent 
non plant available moisture. Note the higher moisture pool 
in intact, drained profiles under alpine grassland between 
2340 and 2475 m a.s.l. (left) and the lower pools in snowbed 
soils and in an eroded profile between 2417 and 2510 m a.s.l. 
(right). The treeline in this area is around 2050 m altitude. 
(Wolfsegger and Posch 1980) 



under the eroded surface or in high altitude snow- 
bed soils. 

Given these field data, the following theoretical 
considerations illustrate the likelihood of soil 
moisture depletion in the temperate alpine zone 
by (1) assuming a season length of 100 days with 
seasonal E = 230 mm (2.3mmd“^) and estimating 
required additional P, or (2) by estimating the 
maximum duration of moisture availability under 







128 9 Water relations 



continuously bright weather and a constant daily 
E of 4 mm. The effects of various combinations of 
soil depth, pore volume and debris content on 
overall moisture depletion under average (1) or 
bright (2) weather conditions are illustrated in 
Table 9.1. 

This exercise shows that a profile of 1 m depth 
(with no rock debris and average physical soil 
properties) would not require additional rainfall 
during a standard 100 day alpine growing season 
(2.3 mm d"^) to prevent turgor loss in plants. In 
fact, 20 mm of free moisture would be left by the 
end of the season. The moisture pool would suf- 
fice to support evapotranspiration for 2 rainless 
months of bright weather (4mmd~^). Alpine 
soils meeting these parameters may exist in places 
(e.g. profiles 1 and 3 in Fig. 9.8), but are rare. Over 
the same profile depth, but with 80% coarse sub- 
strate, potentially available soil moisture would 
support only 22 average or 13 bright days. In 
contrast, the moisture stored in a rather shallow 
profile of only 25 cm depth, but of high humus 
content and with less debris (a rather typical 
situation in many places) would meet the require- 
ments of 41 average or 24 bright days. Thin crusts 
of highly organic soil on rocks require rainfalls 
at least every 3rd day (30 mm thickness) or every 
11th day (100 mm thickness) in order to prevent 
plant desiccation. 



These various scenarios are helpful in estimat- 
ing the likelihood of physiologically effective 
moisture shortage in the alpine zone under given 
rainfall regimes. For instance, in all but the first 
example, more than 150 mm of precipitation are 
required during the growing period to prevent 
critical depletion of pools. Of course, such 
comparisons need to account for additional losses 
by runoff (Dr) during heavy storms, for intercep- 
tion losses (Ei) and temporal patterns of pre- 
cipitation. However, scenarios 3 (Im profile with 
80% coarse substrate) and 4 (25 cm profile with 
high humus and less debris), which represent 
abundant situations, clearly illustrate that 50 to 60 
mm of rainfall per month during the growing 
season would eliminate the possibility of moisture 
shortage under alpine climate conditions. Since 
precipitation tends to peak during the temperate 
zone summer and exceeds those amounts 
substantially in many places, and since soil reser- 
voirs can buffer temporal irregularities of supply, 
the chances for the occurrence of direct drought 
effects on plants are small, and are restricted 
to soils with particularly constrained rooting 
volumes. This does not preclude periodic desicca- 
tion of surface layers, which may occur at any 
time. 

It should be noted that the above scenarios 
did not consider the possibility of plants actively 



Table 9.1. The importance of humus, debris and profile depth for the likelihood of soil dehydration during a temperate alpine 
growing season 



No. 


Depth (mm) 


Debris (%) 


Pores (%) 


AW (%) 


R 


2.3/d (d) 


+P (mm) 


4/d (d) 


1 


1000 


0 


50 


50 


250 


109 


0 


63 


2 


1000 


80 


50 


50 


50 


22 


180 


13 


3 


500 


30 


50 


50 


88 


38 


142 


22 


4 


250 


10 


60 


70 


95 


41 


162 


24 


5 


100 


0 


70 


60 


42 


18 


188 


11 


6 


30 


0 


70 


60 


13 


5 


217 


3 



AW, the fraction of easily available water of maximum soil water content at the beginning of the season (after snow melt); R, 
resultant total available soil moisture reserves after snowmelt; 2.3/d or 4/d, the maximum duration of soil moisture without 
additional precipitation assuming a daily evapotranspiration of 2.3 mm (seasonal mean including all weather conditions) 
or 4 mm (continuously bright days only); +P, the additional precipitation required to balance the evaporative demand of 
230 mm per 100 day season. 




Soil moisture at high altitudes 



reducing transpiration during periods of high 
evaporative demand or prolonged soil moisture 
depletion (see below) which would increase mois- 
ture duration. Available soil moisture data (e.g. 
Fig. 9.8) are in line with these predictions. During 
the Europe-wide centennial summer drought of 
1976, soil moisture never fell below -0.3 MPa in 
the B-horizon (ca. -15 cm) and below -3 MPa in 
the A-horizon in a southwest-facing, windswept 
Loiseleuriaprocumbens heath on Mt. Patscherkofel 
near Innsbruck (data by H Guggenberger, in 
Larcher 1977; Korner et al. 1980). Figure 9.9 
illustrates that the situation described here for 
the central Alps finds a parallel in the Australian 
alpine zone at 36°S lat, with a longer growing 
season. Midsummer moisture reserves near the 
tree-limit are massive throughout the summer 
and far from risk of becoming depleted where 
closed vegetation is found. Very moist soils 
are reported for the afro-alpine life zone (Beck 
et al. 1981). 

The subtropical, high Andean region in north- 
west Argentina, Peru and Bolivia is known for its 
aridity and thin plant cover. However, visual 
impression may be rather misleading when the 
moisture supply of these plants, which manage to 
cope with this environment, is considered (Figs. 
9.10 and 9.11). Figure 9.10 illustrates two moisture 
profiles sampled in the late part of the South 
Hemisphere summer at 4250 m altitude in the 
Argentinan Cumbres Calchaquies, where annual 
precipitation of ca. 300 mm is restricted to the 
6-month summer. Starting a few centimeters 
below a dry layer of sand, the deep profiles of 
this semi-desert plateau, exhibited surprisingly 
uniform moisture, and plants extend their roots 
as deep as one can reach (>lm). The dry surface 
layer (together with snowless, dry and cold 
winters) may limit plant life, but those plants 
established appear to have ample access to water. 
The same is true for the semiarid volcanic cinders 
of Mt. Teide on Tenerife, where 20-30 cm below 
a desiccated and insulating layer of volcanic 
debris, moist sand can be found even on south 
slopes (pers. observation). Similar observations 
are reported by Chapin and Bliss (1988) for pyro- 
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Fig. 9.9. Midsummer soil moisture profiles in the Mt. 
Kosciusko area of the Snowy Mountains in southeastern 
Australia (arrows). The lower mountain zone experiences 
a long summer drought and supports open Eucalyptus 
woodlands. The alpine site (on Mt. Perisher) is in the alpine 
dwarf shrub belt, a short distance from the uppermost tree 
individuals in this area. FC field capacity, SAT water content 
at saturation (laboratory determinations). The diagram 
illustrates a much better moisture supply at high altitude 
with no realistic possibility that moisture pools ever get 
depleted. (Korner and Cochrane 1985) 



clastic soils on Mt. St. Helen. While top layers de- 
siccated in summer, soil water potentials never 
dropped below -0.1 MPa 20 cm below the surface, 
and plants showed no indication of moisture 
shortage throughout the season). It is not soil 
moisture which restricts plant life on such almost 
bare slopes. 

The data in Figures 9.10 and 9.11 illustrate an 
important fact, possibly true for many situations 
conventionally rated as “extremely dry”: sparsely 
vegetated dry land surfaces are not necessarily 
“extremely” dry in a physiological sense for native 
species. Geyger (1985) summed up the annual 
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Fig. 9.10. Two 50 cm soil moistures profiles in the Cumbres Calchaquies of northwest Argentina (ca. 26°S) at 4250 m altitude, 
sampled in the late season (8 March 1988; Laguna Nostra visible in the rear part). The photograph illustrates the sample area 
with low (see also Fig. 16.3) and tall fescue grassland. With a leaf area index of <0.5 and the insulating sand surface, daily 
evapotranspiration is possibly not more than 1 mm. Since the depth of these sandy soils exceeds 1 m, the available moisture 
stored possibly exceeds demand for 2 months. Note the different moisture depletion profile below low and tall fescue (Ch. 
Korner and S. Halloy, unpubl. data) 



transpiration per unit of ground area of patches 
of closed vegetation for her Andean sites between 
4200 and 4800 m altitude, and arrived at numbers 
of 400 to 600mma“^ exceeding mean annual 
precipitation of around 300 mm (see also Ruthsatz 
1977). However, when accounting for actual per- 
centage ground cover by vegetation, the total tran- 
spiratory losses per unit land area were reduced to 
130-220 mm a"\ leaving sufficient leeway for some 
bare soil evaporation and seepage. In other words, 
cover (or leaf area index averaged over the whole 
landscape) is such that sufficient moisture is 
retained and plants tap moisture from much larger 



areas than those actually occupied above the 
ground. Plant spacing in “arid” land is a most pow- 
erful means of controlling plant water relations, 
but mechanisms of density control are still poorly 
understood for low altitudes, and the question was 
not approached for such dry uplands. This control 
of water loss via plant density is a parallel phe- 
nomenon to increasing spacing of trees at tree- 
lines, which results in relatively warmer root 
temperatures (see Chap. 7), but the mechanisms 
controlling this type of spacing are not under- 
stood either. This brings us back to the topic of 
Chapter 1: no doubt the vegetation in the high 
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Fig. 9.11. The seasonal variation of soil moisture in a high Andean semi-desert in the Sierra del Aguilar of northwest 
Argentina (ca. 23°S). Solid lines are for inter-tussock space, broken lines show moisture below Festuca orthophylla. Note that 
soil moisture between January and June is never depleted below 10% volume (soil water potential remained above -0.1 MPa). 
Only moisture below 3% is unavailable to plants (water potential <-1.5 MPa) in these sandy soils. (Geyger 1985) 



Andean zone (see Ruthsatz 1977) would look 
rather different were there ample water, but this is 
a different question from whether plants compos- 
ing the existing natural vegetation are physiologi- 
cally constrained (see the hierarchy of controls in 
plant water relations in the next section). Also, in 
polar “deserts” it was found that water stress for 
established plants was minor and soils remained 
effectively saturated throughout the growing 
season, despite negligible rainfall (Gold and Bliss 
1995). 

One of the driest alpine regions of the world is 
the Pamir in central Asia. At elevations between 
3800 and 4800 m, alpine semi-desert, dry grass- 
land, dwarf shrub and cushion plant assemblages 
can be found with genera such as Eurotia, Art- 
emisia, Potentilla, Astragalus and Kobresia playing 
important roles (Sveshnikova 1973, Izmailova 
1977; Agakhanyantz and Lopatin 1978). By all 
standards, low precipitation (ca. 300 mm per year), 
missing winter snow cover, extreme surface desic- 
cation of soils and relative humidities of air down 



to less than 10%, force plants in the Pamir to cope 
with very little moisture, while at the same time 
they have to survive temperatures of -48 °C in 
winter. Thanks to the very detailed long-term 
study of plant water relations by Sveshnikova, we 
know that plants growing in this environment in 
reality experience little drought stres. While actual 
soil moisture deeper in the ground is unknown, 
plant data suggest that there is enough for those 
managing to live in this environment. Leaf water 
deficits measured during the growing season are 
small, osmotic potentials are high (> -2 MPa dur- 
ing the peak growing season), and both diurnal 
and within-season variations are similar to those 
reported for arctic or temperate lowland plants. 
Leaf transpiration rates peak between 12.00 and 
16.00 h, with no pronounced reductions through- 
out the growing season, and rates decrease only 
in autumn. These observations once more empha- 
size that plant selection and adaptive community 
responses to potential moisture shortage operate 
via low ground cover (LAI) and low leaf to 
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root ratios (morphology), and result in conserva- 
tion of soil moisture so that physiological limita- 
tions of existing tissue are unlikely to occur (see 
Chap. 1). 

That shortage of moisture is unlikely to exert 
major direct physiological limitations on alpine 
plant life is a conclusion already drawn by Walter 
(1931) from his studies on Pikes Peak, Colorado 
(see also below). In the temperate zone, rooted 
soil profiles containing at least a net sum of 
300 mm of fine substrate (about 80 mm of easily 
available capillary moisture at field capacity) 
seems crucial, however. Deeper profiles would be 
required in coarse or sandy substrates, but if soil 
temperatures are too low, moisture at such deep 
horizons may not be accessible for roots, as 
was suggested by Beck et al. (1981) for Mt. Kenya 
and Perez (1987) for the upper Venezuelan 
paramos. In continental, subtropical mountains 
with semi-arid climates, or whenever soils are 
shallower or too cold, periodic moisture shortage 
may become part of alpine plant life. However, 
as discussed above, a visual impression of aridity 
at alpine altitudes or climatic data alone (e.g. 
Leuschner and Schulte 1991) must not be taken as 
a self-evident indication of physiologically effec- 
tive moisture shortage for the plant specialists 
which inhabit such areas. Using deep soil explo- 
ration combined with reduced aboveground 
structures (low LAI), plants may effectively avoid 
soil moisture depletion even in areas that look 
rather arid. 

Soil coverage by rock debris, gravel, cinders 
or coarse sand positively contributes to moisture 
storage in the root zone of alpine plants (Schrdter 
1926, Pisek et al. 1935; see also the discussion by 
Perez 1987; Fig. 9.12), while at the same time such 
soil covers restrict the development of a closed, 
transpiring plant cover. As will be discussed below, 
it is the indirect effect of topsoil desiccation, the 
blockage of microbial activity and nutrient recy- 
cling - a phenomenon functionally different from 
direct drought stress - which often explains poor 
growth and development of plants in alpine areas 
with periodic drought. Under such conditions 
plants may not exhibit signs of water stress (turgor 




Fig. 9.12. Soils topped by scree, gravel, cinders, sand and any 
other coarse substrate are commonly moist, but 
mechanically serverly limiting plants. Top: Papaver 
rhaeticum on dolomite scree, southern Alps. Bottom: cinders 
on Teide (Tenerife; same location as Fig. 6.2) with moist 
substrate visible at ca 20 cm depth 



loss) but still suffer from surface drought through 
limited access to nutrients. Reduced growth may, 
in fact, contribute to a slower depletion of deep 
moisture sources. Obviously, there is a link 
between direct and indirect modes of drought 
stress (see also below). 
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Plant water relations - a brief 
review of principles 

Before discussing plant water relations in alpine 
plants, four general points need to be clarified 
which relate to (1) plant life strategies, (2) types of 
responses to water shortage in plants, (3) method- 
ical implications, and (4) the distinction between 
direct and indirect effects of low soil moisture. 
Knowledgable readers may wish to skip this 
section. 

Plant life strategy and water relations 

A trivial but important point to start with: in order 
to persist within a given environmental matrix, 
plants need to optimize growth and reproduction, 
and not just gas exchange (including water con- 
sumption). With this logic in mind, the optimiza- 
tion of CO 2 assimilation versus transpirational 
losses at leaf level, a topic which unfortunately 
dominates the relevant literature, becomes one 
aspect among many, and not necessarily one of 
high priority. Control of growth involves a multi- 
tude of costs and benefits of investments, with 
risks and trade-offs all subordinated a certain 
‘‘life plan”, which in turn encounters morphologi- 
cal (architectural), developmental (temporal) and 
mutualistic components. For instance, photoperi- 
odic control of flowering and cessation of vegeta- 
tive growth are often associated with reduced 
moisture demand. Seen in this wider perspective, 
plants cannot be expected to have evolved a be- 
havior oriented to maintain or optimize a single 
process or a certain variable such as water poten- 
tial, or a certain vapor loss/carbon gain ratio, as 
long as these relations remain within a tolerable 
range (Schulze and Chapin 1987). 

Plant controls of water status 

The second important point is that stomata, com- 
monly the centerpiece of any discussion of plant 
water relations, are one out of several determi- 



nants of water loss, and they fulfill a short-term 
fine-tuning function, which, when the longer-term 
controls are perfectly tuned, should exert little 
additional constraints to plant gas exchange. 
Restrictions of stomatal diffusive conductance 
cause a reduction of returns of the underlying 
photosynthetic machinery in the leaf (amortiza- 
tion). Adaptive trends to any shortage of moisture 
could be expected to rather favor plants with less 
total photosynthetic machinery (e.g. less leaf area) 
which operates at “full power”, rather than invest- 
ment in photosynthetic over- capacity suffering 
from periodic “shut down” (with respect to avail- 
able moisture). On the other hand, it makes no 
sense to develop leaf diffusivities which exceed 
demand for CO 2 , the reason why plants tend to 
adjust stomatal conductance so that any further 
increase would hardly affect CO 2 uptake, but 
would create disproportionate water loss (Cowan 
and Farquhar 1977). The longer-term controls of 
plant water relations are indeed more complex, 
and involve adjustments of dry matter invest- 
ments and phenology. 

A useful hierarchy of controls from short 
term to long term is the following: (1) stomatal 
responses to evaporative demand, (2) stomatal 
responses to a root signal indicating periodic 
(diurnal) reductions of moisture availability in 
the root-soil interface, (3) negative feedbacks on 
stomata by leaf turgor by water potential falling 
below a critical value (4) reduction of leaf area per 
plant and/or increased root production, (5) reduc- 
tion of ground cover per unit of land area (LAI), 
(6) replacement of species from less to more 
drought adapted ones. In nature, the significance 
of controls increases from 1 to 6. If 4 to 6 were 
perfectly adjusted, 1 to 3 would hardly come into 
action. 

Since leaf water potential became measurable, 
views about its functional significance have 
changed. Low leaf water potential may not 
only result from insufficient uptake (low soil mois- 
ture, cold soil) or impaired transport (frozen 
stems, xylem cavitation), but may also result 
from high flux with high soil moisture, given 
that certain hydraulic resistances do always 
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exist. Hence, above a critical level (e.g. turgor 
loss), water potential alone has no explanatory 
power - a reduction may equally well be associat- 
ed with either high flux with high soil moisture 
or almost no flux with serious drought-stress. 
The significance of negative water potential 
feedbacks on stomata has commonly been overes- 
timated. Unless turgor is about to be lost, reduced 
leaf water potentials exert little influence on 
stomata and are flux dependent, rather then vice 
versa. 



Methodological implications 

From the above it is obvious that a full description 
of plant water relations requires four parameters: 
a measure of flux (transpiration or leaf conduc- 
tance), a measure of supply (soil moisture, includ- 
ing deep horizons), a measure of atmospheric 
demand (vapor pressure deficit) and a measure of 
the resultant water status of the plant (e.g. water 
potential or relative water content). Selecting 
literature by completeness of data sets in these 
respects, would leave little to be discussed here for 
alpine plants. Hence, the following discussion 
will, by necessity, also lean on numerous data 
sets which contain only one or two of the above 
parameters, thus often precluding a conclusive 
interpretation. 

Direct and indirect effects of 

soil moisture on plants 

As was discussed in the soil moisture Section, two 
modes of drought stress need to be distinguished. 
Commonly, effects of “moisture shortage” are 
believed to be sufficiently circumscribed by 
assuming that if topsoils dehydrate, plants have 
difficulties in maintaining turgor, and this IS 
“drought stress”. However, the more frequent, 
and much more influential effect of topsoil dehy- 
dration is on nutrient availability rather than 
plant water status (which is commonly supported 
by a few deep roots). Most of what has been 



seen as moisture stress (particularly in alpine 
plants), in essence is drought-enhanced nutrient 
shortage. 

Furthermore, moisture shortage in plants can 
also occur when moisture is still present in the 
soil, but remains unavailable or hardly available 
to roots because of a too low temperature (Tran- 
quillini 1982; Larcher 1995; see Chap. 7). Hence, in 
a similar way to nutrients, one needs to distinguish 
between presence and availability of moisture. 
Moist but cold soils may be “physiologically dry” 
as was stated already by Schimper (1898). 

Water relations of alpine plants 

The literature in this field is substantial, and 
mainly includes information on leaf controls of 
water losses and shoot water status (for earlier 
assessments see Tranquillini 1963; Courtin and 
Mayo 1975; K5rner and Mayr 1981). This Section 
will first explain static and dynamic elements of 
alpine plant water relations, will then address 
resistance to extreme drought, and close with a 
brief Section on “specialists” such as succulents, 
cushion plants and giant rosettes. 

Water loss from leaves - static features 

When one considers averages over whole assem- 
blages of plant species forming the low stature 
ground cover at high altitudes, leaf epiderms tend 
to exhibit higher maximum vapor diffusive con- 
ductances and higher stomatal frequencies than 
comparable assemblages from lower altitudes (for 
reviews see K5rner and Mayr 1981; Korner et al. 
1989a; Figs. 9.13 and 9.16). Pisek and Cartellieri 
(1934) and Berger-Landefeldt (1936; Fig. 9.19) 
noted the comparatively high rates of transpira- 
tion of many alpine plants (they used vapor loss of 
wet filter paper disks as a reference). Higher leaf 
conductances in high compared with low altitude 
plants were also reported by Rawat and Purohit 
(1991) in three out of four species in the central 
Himalayas. A comparative analysis of altitudinal 
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transects from mountains with different altitudi- 
nal gradients in moisture supply (Alps, New 
Guinea, New Zealand, southeast Australia), 
revealed no relatedness of these trends with local 
moisture (Korner et al. 1983, 1986, 1989a; Korner 
and Cochrane 1985). However, the only one of 
these transects with a pronounced elevational 
reduction of solar radiation, the transect in New 
Guinea, showed a pronounced altitudinal reduc- 
tion of stomata density and maximum leaf dif- 
fusive conductance, suggesting that light rather 
than moisture or partial pressure of CO 2 is res- 
ponsible for these altitudinal trends in leaf 
characteristics. 

Not only does the density of stomata and 
maximum leaf diffusive conductance tend to 
increase with altitude, there is also a trend for 
leaves to shift stomatal abundance from the lower 
to the upper leaf side, even in New Guinea, where 
overall stomatal density decreases with altitude. 
For instance Ranunculus saruwagedicus on top of 



Mt. Wilhelm (4420 m) has 64 adaxial and 9 abaxial 
stomata per mm^, similar to leaves of Potentilla 
at 4800 m on Anapurna in the Himalayas and 
Cerastium kasbek at 3750 m in the Caucasus 
(Korner et al. 1989a). Some species known to be 
hypostomatous at low altitude develop some 
stomata on the upper leaf side at high altitude (e.g. 
Vaccinium myrtillus). Plants with leaves which hug 
the ground or form dense cushions may even be 
epistomatic, i.e. have stomata restricted to the 
upper leaf side, as for instance Saxifraga oppositi- 
folia, Silene acaulis, Primula minima in the Alps 
and Saxifraga exarata in the central Caucasus (see 
the review by Korner et al. 1989a). These trends 
have already been described in great detail for 
temperate zone mountains by Wagner (1892), 
Schwartz-Clements (1905), and Lohr (1919), and 
by Espinosa (1933) and Spinner (1936) for the 
tropical Andes. According to Spinner’s compar- 
isons, the frequency of species with leaves with 
only abaxial stomata decreases from 75% at low 




1 Tussilago farfara 

2 Bellidiastrum michelii 

3 Primula auricula 

4 Arctostaphylos 
uva-ursi 
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Fig. 9.13. Intraspecific altitudinal variation in stomatal frequency of herbaceous plants (solid lines) and dwarf shrubs 
(including one cushion species; dashed lines) in the Alps. Each line is for one species sampled at contrasting altitudes. Since 
epidermal cell size does not change with altitude in a systematic manner similar trends are seen in stomatal index. The same 
trends were documented in other mountain areas. Only 1 out of 17 species tested in the Alps did not follow this pattern (not 
shown). (Korner et al. 1989a, where further details are provided) 
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altitude to 23% in the high Andes, where species 
with exclusively adaxial stomata represent 21-29% 
of the flora. These trends in leaf anatomy led 
Spinner to conclude that the high Andean flora is 
“apparaissent comme des mesophytes a envelope 
xeromorphe” (look like mesophytes in a xero- 
phytic envelope). It should be noted that the trend 
of increasing stomatal frequency with increasing 
altitude may become reversed at extreme altitudes 
(e.g. Korner et al. 1986, 1989a). 

A number of plant families are represented by 
alpine species with furrowed leaves and the abun- 
dance of such species is often increased at high 
altitude (e.g. species of Ericaceae, Asteraceae, 
Poaceae, Fig. 9.14). Inspection of stomatal distrib- 
ution in such species often reveals stomata out- 
side the furrow (e.g. Tetramolopium macrum and 
Drapetes ericoides in New Guinea or Calluna vul- 
garis in the Alps), and if bound to furrows, stomata 
often protrude from the epidermal surface (e.g. 
Loiseleuria procumbens, some Festuca species; 
additional examples for Andean alpine shrubs in 
Spinner 1936; cf. Korner et al. 1989a). Except for 
these genera, known to produce furrowed leaves 
also in their low altitude representatives, leaf 
folding, leaf rolling etc. are features not seen 
very frequently among alpine taxa, but some of 
the species which possess such leaves reach high 
abundance. These structures seem to protect the 
lower epidermis from occlusion by excess mois- 
ture rather than from excess transpiration (see 
below). 

It is often claimed that leaf pubescence is par- 
ticularly striking at high altitudes, and that this 
has to do with water saving strategies of plants. 
This vision is derived from the presence of some 
very prominent representatives of highly pubes- 
cent species at high altitudes (e.g. the edelweiss 
and other Leontopodium species in Eurasia and 
similar Asteraceae in Japan and New Zealand, 
Anaphalis species in southeast Asian Mountains, 
the famous hairy clusters of Saussurea in the 
Himalayas, Lupinus, Culcitium and Espeletia 
species in the Andes and Senecio giant rosettes in 
Africa). However, a quantitative account of alpine 
floras reveals that high pubescence is in fact quite 
rare at both low and high altitudes. Though, Halloy 



and Mark (1996) report an increasing frequency of 
species with at least some leaf pubescence with 
increasing elevation, the overall fraction of such 
species hardly exceeds 30% of all species present. 
Remarkably, the fraction increases with increasing 
climatic wetness. The majority of alpine species 
are not pubescent, and many species reaching 
extreme high altitudes have completely hairless 
leaves (e.g. Ranunculus glacialis in the Alps shown 
on Fig. 8.4, Ranunculus sericophyllus in New 
Zealand). 

Leaf pubescence in general and in mountain 
plants in particular is unlikely to represent a 
means of diffusion control. Any enhancement of 
leaf boundary layer resistance reduces the relative 
effectiveness of stomatal control of transpiration 
(a “constant resistor” on top of a “variable resistor” 
dampens control), and the anatomical features of 
alpine leaves from around the world (discussed 
above) illustrate that plants rather tend to position 
stomata so that minimal aerodynamic restrictions 
are added to the diffusion path. Explanations for 
extreme pubescence of leaves in some species may 
have to do with screening of radiation, buffering 
of short term oscillations of ambient humidity, 
herbivory and pathogen defense or avoidance of 
surface wetting (see also the discussion by Larcher 
1975; Baruch 1979; Korner et al. 1983; Goldstein et 
al. 1989; Halloy and Mark 1996). In tropical giant 
rosettes, pubescence of leaves (Fig. 9.15) adds to 
the screening efficiency during night-time nycti- 
nastic rosette closure and certainly does protect 
stomata from wetness (and thus occlusion) in 
foggy weather, when films of water cover the 
woolly surface, while the epidermal surface under- 
neath remains dry. 

Taken together, these static features of leaves 
point to a rather unproblematic water regime. 
Since one of the most universal trends in alpine 
leaf anatomy is increased leaf thickness (increased 
length of the leaf-internal diffusion path; Chap. 
11), the greater stomatal density and maximum 
leaf diffusive conductance may be associated 
with the maintenance of a low resistance to CO 2 
transfer to chloroplasts. Since molecular gas 
diffusivity increases with altitude (with decreas- 
ing total atmospheric pressure. Gale 1972), the 
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Fig. 9.14. Furrowed (“ericoid”) or rolled leaves provide 
mechanical stability and protect stomata from wetting, 
but (like pubescence) are not thought to represent a means 
of transpiration control. Left: Loiseleuria procumbens at 
magnifications increasing from top to bottom (note the 
protruding stomata position). Right: Cassiope tetragona (top) 
and Empetrum nigrum (bottom) 
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Fig. 9.15. Leaf pubescence in Espeletia species from 3600 to 
4100m altitude in Venezuela and Ecuador. The thick felt of 
hairs enhances reflection of strong radiation, prevents leaf 
surfaces from wetting during foggy periods and - in 
conjunction with night-time closure of rosettes - contributes 
to insulating the apical region against radiative freezing 



potential for high leaf transpiration at high alti- 
tudes is enhanced further. 

At the whole plant level, important “static” char- 
acteristics related to water relations are leaf mass 
ratio (the ratio of leaf mass versus total plant 
mass) or - more relevant - fine root length/leaf 
area ratio. Both are invariable in the short term, 
but may reflect long-term adjustments. Leaf mass 
ratio in herbaceous alpine plants does not differ 
from that in low altitude plants and amounts to ca. 
20 + 2% for communities studied in the Alps, the 
northern Scandes, and the northwest Argentinan 
and Ecuadorian Andes (Kdrner and Renhardt 
1987; Korner 1994). Since specific leaf area (leaf 



area per leaf mass) tends to be lower at high alti- 
tude, total leaf area per total plant mass (leaf area 
ratio) is slightly reduced at high altitude. In con- 
trast, the total length of fine roots produced per 
unit of leaf area is almost five times as large in 
alpine compared with lowland forbs (Korner and 
Renhardt 1987). Whatever the cause of this trend, 
it indicates a better rather than worse exploration 
of the substrate by thin and active roots. This may 
be seen as an adjustment to lower soil tempera- 
tures or a compensation for reduced mycorrhiza- 
tion at high altitudes, or may simply reflect slower 
root turnover (see Chap. 12). 

Stomatal behavior and leaf water potential 

in alpine plants 

As a rule of thumb, stomatal restrictions of vapor 
loss are reduced at high altitude. This is not only 
reflected in the static features as discussed above, 
but also in diurnal and seasonal stomatal dynam- 
ics (Korner and Larcher 1988). At low altitude, 
leaf diffusive conductance (stomatal opening) 
tends to peak during morning hours and then 
declines. Alpine plants often exhibit maximum 
leaf conductance during the warmest part of the 
day, i.e. midday and early afternoon, and take 
longer to reach full opening in the morning, which 
is possibly related to low morning temperature 
(Fig. 9.16). 

Prostrate dwarf shrubs on wind-exposed south 
slopes in the Alps have been shown to under- 
go little diurnal variation in leaf conductance 
throughout the main part of the growing season 
(Korner 1976). Loiseleuria procumbens, producing 
a peculiar microclimate in its dense canopies, in 
essence opens its stomata in late spring and closes 
them in autumn (not even reducing conductance 
by more than 50% during nights in summer). 
Miller et al. (1978) review the earliest porometer 
studies in the Rocky Mountains for the two alpine 
species Bistorta bistortoides and Caltha leptosepa- 
la, and found no consistent changes in conduc- 
tance during the season, with conductances 
generally staying high, and they conclude that 
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Fig. 9.16. Diurnal trends in leaf diffusive conductance in the 
genus Alchemilla studied at various altitudes in the Alps. 
Note the increase in maximum conductance and the shift of 
the period of maximum conductance from morning to early 
afternoon as altitude increases. (Korner and Mayr 1981) 

water does not limit production except in very 
dry years or over short periods in particularly dry 
places. 

When diurnal restrictions of stomatal conduc- 
tances were observed in the field, these were in 
most cases found to relate to evaporative demand 
(vapor pressure deficit, vpd) rather than leaf water 
potential - an observation consistent with the 



recent observation by Enquist and Ebersole (1994) 
and Bowman et al. (1995) that regular addition of 
water to alpine vegetation on Niwot Ridge had no 
effect on leaf conductance or water potential of 
plants. Johnson and Caldwell (1975, 1976) tested 
alpine species under controlled conditions and 
concluded that stomata of Geum rosii and parti- 
cularly Carex aquatilis responded to vpd before 
water potentials could drop to critical levels. Field 
data for evergreen dwarf shrubs in the Alps by 
Korner (1976) and for Mimulus in the Sierra 
Nevada of California (Field et al. 1982) led to the 
same conclusion. Also, stomata of afro-alpine 
Lobelia were found to be unresponsive to the water 
potentials observed in the field, but sensitive to 
vpd (Schulze et al. 1985). To separate effects of 
vpd (or rate of transpiration) from those of water 
potential, synchronous measurements of water 
potential and leaf conductance are necessary, 
while vpd changes under otherwise constant and 
high soil moisture. Figure 9.17 illustrates such a 
situation where, by means of a fan, naturally 
dry above-canopy air was forced into the normal- 
ly sheltered and humid leaf boundary of Loise- 
leuria procumbens. The impact of dry air induced 
an immediate recovery (!) of shoot water potential 
as a consequence of fast stomatal closure. It 
is obvious that the above mentioned “unrespon- 
siveness” of the stomata in this species is a 
consequence of its high aerodynamic canopy 
resistance, which does not usually permit its 
stomata to experience high vpd. Once the canopy 
climate is disturbed, stomata are in fact rather 
sensitive. Similar responses have been found in 
a small herbaceous rosette. Primula minima 
(Korner 1980). Without protection by its dense 
canopy Loiseleuria has also been shown to dehy- 
drate quickly in the dormant state in late winter 
(Larcher 1957). 

As was explained earlier, leaf water potentials 
alone do not permit conclusions about soil mois- 
ture shortage, because the same leaf water poten- 
tial may result from true shortage and closed 
stomata or fully open stomata (high fluxes) at 
otherwise high soil moisture. In the latter case, 
a lowered water potential reflects hydraulic resis- 





9 Water relations 



500 



CO 

c\j 

£ 400 

o 

E 

— 300 
0 
O 
C 
0 

8 200 
“D 
C 



I 100 

_i 



0 

0 30 60 90 

Time (min) 

Fig. 9.17. In situ stomatal responses to vapor pressure deficit 
(or its consequence, the rate of transpiration) in alpine 
Loiseleuria procumbens growing in very humid soil. The 
humid canopy climate was disturbed by a jet of dry air 
created by a fan. Note that ventilated leaves {lower line), 
show a recovery (increase) in leaf water potential, while 
stomatal conductance is reduced. Conductances were 
converted from total to projected leaf area by a factor of 3.1; 
bars are for SD for 2-3 shoots. (Korner 1980) 




tances rather than low soil moisture. The few avail- 
able data sets for water potentials combined with 
leaf conductance suggest that stomata of alpine 
plants (similar to most other fully sunlit plants) 
are relatively insensitive to changes in leaf water 
potential unless species specific values of -1.2 to 
-2.0 MPa are experienced. 

Pollock (1979), for instance, saw little evidence 
of stomatal closure due to low leaf water potential 
in alpine Chionochloa in New Zealand, but noted 
that most of the variation in water potential (<2 
MPa) was explained by changes of vpd at other- 
wise relatively high and stable leaf conductance. 
On Niwot Ridge, stomata of Bistorta bistortoides 
hardly responded to water potentials less negative 
than -1.6 MPa (which was the full range experi- 



enced by this species in the field) and the slight 
reduction in conductance was possibly confound- 
ed by vpd effects. Caltha leptosepala did respond, 
but only below -1.2 MPa (Ehleringer and Miller 
1975). In the Medicin Bow Mountains of Wyoming 
Oberbauer and Billings (1981) noted that Trifoli- 
um parryi and Potentilla diversifolia did not 
respond to leaf water potential unless a threshold 
of -1.7 MPa was surpassed. These authors studied 
water relations of alpine plants along a topo- 
graphic gradient during an extremely dry summer 
(only ca. 130 mm of rainfall between the end of 
June and 1st September, most of which fell in the 
second half of August). Under these unusual con- 
ditions they were able to demonstrate that shallow 
rooted species on exposed ridges can experience 
severe drought stress even at high altitudes 
(3300 m), while deep rooted ones like Trifolium 
parryi were affected little, irrespective of location. 
During Oberbauer and Billing’s observations 
topsoil moisture (0-15 cm) on a leeward slope 
dropped below the permanent wilting point for 35 
days (46 days on a ridge), but the moisture of 
deeper horizons was unknown. Topsoil desicca- 
tion is also a frequent phenomenon in south facing 
alpine grassland in the Alps, but a large series of 
diurnal courses of leaf conductance in Carex 
curvula and Festuca halleri for bright midsummer 
days over three consecutive years revealed very 
little variation in leaf conductance (in fact none at 
all in Festuca), while leaf water potentials regular- 
ly reached -1.8 MPa at noon, as a result of intense 
transpiration (Korner et al. 1980). This indicates 
(1) that stomata of these graminoids are insensi- 
tive to such reductions in water potential, and (2) 
that deep soils always retained sufficient plant 
available moisture to support unrestricted midday 
or early afternoon transpiration despite visible 
topsoil desiccation. 

In a few other cases, water potentials or leaf 
water content alone were reported and the ranges 
commonly support the view that drought stress is 
uncommon in closed, low stature alpine vegetation 
(e.g. Bliss 1964). Water potentials as low as -4 MPa 
for sites where the majority of species exhibited 
extremes higher than -2 MPa and which receive 
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July- August rainfalls of ca. 250 mm (e.g. Miller 
et al. 1978) either reflect very poor soil conditions 
on ridges, shallow .snowbed substrates, or excep- 
tional weather situations (Oberbauer and Billings 
1981), but are not typical for alpine conditions in 
general. Since measuring short-leaved herbaceous 
material with a pressure chamber is a rather 
delicate job, in particular when one considers 
the rather inappropriate equipment available 
when this method first came into use, some of 
these extreme numbers may also reflect mechani- 
cal xylem damage during pressurization. Data 
for various altitudes in the Alps were compiled 
by K5rner and Mayr (1981) and indicate that 
most common bright day minima at alpine 
altitudes are around -1.5 MPa, with the highest 
minima observed in cushion plants (never 
below -0.9 MPa, see also Korner and DeMoraes 
1979) and the lowest in graminoid tussocks 
(-1.9 MPa). 

Classic functional types of plants known for 
reduced water consumption or increased water use 
efficiency, such as plants with the C4-pathway of 
photosynthesis or plants exhibiting crassulacean 
acid metabolism (CAM) are found at alpine alti- 
tudes as well, but at greatly reduced abundances. 
Tieszen et al. (1979, Kilimanjaro) and Pyankov and 
Mokronosov (1993, central Asia) by using stable 
carbon isotopes, and Ruthsatz and Hofmann 
(1984) by inspecting leaf anatomy, documented a 
dramatic shift from C4 to C3 species as altitude 
increases (discussed in more detail in Chap. 11). 
Besides the well-known difference in thermal and 
moisture preferences between these plant groups, 
Ruthsatz and Hofmann suggested considering the 
elevational reduction of grazing pressure as an 
additional factor. C4 leaves tend to contain less 
protein, reducing their attractiveness to grazers as 
compared with C3 leaves, which consequently are 
eliminated from lowland grasslands. Moisture 
availability alone appears to be an insufficient 
explanation because Ruthsatz and Hofmann 
found that C4 plants do particularly well at 
lower elevation when they have ground water 
access. 

Stable carbon isotope discrimination during 



leaf photosynthesis can be used to estimate long 
term integrated stomatal, relative to carboxylation 
restrictions of CO 2 uptake. Drought induced stom- 
atal closure reduces the overall discrimination of 
CO 2 containing the heavy ^^C isotope, and 8^^C 
values (as compared with a limestone standard) 
become less negative. 

Plants from cold environments, alpine ones in 
particular, exhibit less negative (a mean 

increase of 1.2%o per 1000 m of elevation; Korner 
et al. 1991). However, this is unrelated to moisture 
stress (Arroyo et al. 1990; K5rner et al. 1991; see 
Chap. 11). For instance, 8^^C for forb and grass 
species from similar elevations of 4100-4700 m 
are, in the sequence of decreasing precipitation, - 
25.9 for New Guinea, -25.0 for the Venezuelan 
Andes, -24.3 for Mt. Kenya, and -26.3%o for the 
northwest Argentinean Andes (Korner et al. 1991). 
Hence, the last site with the lowest precipitation 
(300mma~^) exhibits similar 8^^C than the first 
and moistest site (>3OOOmma“0- 

Within a given elevation, one could still expect 
local differences in moisture availability to exert 
an additional effect. This was tested along a 
wetness gradient in the high Andean semi-desert 
of northwest Argentina at 4250 m altitude. As 
Figure 9.18 illustrates, there is no significant 
reduction of discrimination between the swampy 
ground at the shore of a pond and the “dry” 
outcrops of the rocky semi-desert. These num- 
bers support the conclusions derived from the 
soil moisture studies discussed above, that plants 
growing in this alpine “semi-desert” experience 
little physiologically effective water shortage. 

In summary, these more recent findings on 
alpine plant water relations from various parts of 
the world are in line with observations published 
during the earlier part of the century by Senn 
(1922), Walter (1931), Pisek et al. (1935), Berger- 
Landefeldt (1936), and Schenk and Hartel (1937). 
What Senn concluded from his many comparisons 
of leaf transpiration of alpine versus lowland 
herbaceous plants may hold for most situations: 
“Irgend einen Einfiuss einer Erschwerung der 
Wasseraufnahme konnte ich bei Alpenpflanzen 
bisher nicht konstatieren” (thus far I have been 
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Fig. 9.18. Carbon isotope discrimination (d^^C) in 
herbaceous plants (rosettes) along a moisture gradient from 
the shore line of “Laguna Nostra” to semi-desert slopes (see 
Fig. 9. 10) at Huaca Huasi in the Cumbres Calchaquies of 
northwest Argentina, 26°S, 4250 m altitude, precipitation 
300mma“\ Note that there is no significant change across 
this transect, suggesting that moisture is equally available 
to plants, (unpubl. data) 



unable detect any constraints to water acquisition 
in alpine plants). It should be noted that Senn 
worked in the relatively drier central part of the 
Swiss Alps, and he referred to water consumption 
and not to possible indirect impacts of topsoil 
desiccation on mineral nutrient supply, which are 
likely to be important at times in all alpine regions. 
The data for the Pamir by Sveshnikova (1973) 
discussed above, illustrate that Senn’s con- 
clusion holds even for rather dry high altitude 
situations. 



Osmotic potentials in alpine plants 

Adequate moisture supply should find its expres- 
sion in a low osmotic pressure (less negative 
osmotic potential) in cells. Cell sap concentrations 



and osmotic potentials were studied in alpine 
plants long before pressure chambers and leaf psy- 
chrometers became available. With no exceptions, 
the data point at rather low to moderate solute 
concentrations during the growing season. The 
most complete assessment by the cryoscopic 
method was conducted by Pisek et al. (1935, Fig. 
9.19) and revealed a range from -0.7 to -2.1 MPa 
across a wide spectrum of plant communities and 
exposures. The least negative numbers were from 
Rumex scutatus and Oxyria digyna and the nega- 
tive end is occupied by ericaceous dwarf shrubs, 
with the majority of other species falling between 
-1.0 and -1.7 MPa. Breckle (1973) reports a range 
of -0.8 to -2.2 MPa for the summer-dry state 
in the Hindukush of Afghanistan (4000-4350 m 
altitude) with the majority of species falling 
between -1.1 and -2.1 MPa. Similar numbers 
were found by Sveshnikova (1973) in the Pamir. 
For 2850 m altitude in central Japan Nakano and 
Ishida (1994) report osmotic potentials for turgid 
dwarf shrubs between -1.4 and -1.8 MPa. High 
andean plants collected in the above mentioned 
northwest Argentinan semi-desert highlands at 
4050 m altitude cover a range from -0.7 to -1.3 
(with some even less negative values for alpine 
aquatic plants not considered here; Gonzalez 
1985). These few examples may suffice to under- 
line the comparatively low demand in solutes 
needed for alpine plants (including those from 
semi- arid climates) to maintain turgor during the 
active season. 

Pisek et al. (1935) also studied the diurnal 
and - in evergreen species - the seasonal varia- 
tion in osmotic potential in the alpine zone. Under 
bright weather, the diurnal amplitude was com- 
monly around 0.2 MPa and reached a maximum 
of 0.6 MPa in some alpine grassland species. 
Pisek et al. (1935) noted that plants from scree 
slopes, which showed highest osmotic potentials, 
also exhibited the smallest diurnal variations, 
which they consider as a further indication of 
the good water supply in such habitats. Figure 
9.20 shows their classical example for massive 
solute accumulation in evergreens in winter, 
reaching the lowest potential of -3.8 MPa in 
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Fig. 9.19. Spectra of leaf osmotic potentials in alpine plants from various habitats in the Alps {black points are the means). 
Note the highest potentials (lowest cell sap concentrations) in plants from open fellfields and scree slopes with poor cover. 
(Pisek et al. 1935) 



the wind-edge species Loiseleuria procumbens. 
Part of this depression of osmotic potential is 
due to dehydration because of missing snow 
cover. When rehydrated, the potential reached 
only -2.75 MPa. The active enrichment with 
solutes in the fall is explained as a cryoprotective 
measure. 

Turesson (1933) investigated the possibility of 
genotypic osmotic potentials in plants from con- 
trasting altitudes in Scandinavia, by growing high 
and low altitude ecotypes under common low alti- 
tude climates. In most cases, high elevation prove- 
nances had significantly higher osmotic potentials 
(i.e. lower osmotic pressure) than low altitude 
provenances (as identified by plasmolysis). Under 
desiccation stress, the high altitude provenances 
wilted earlier, and took longer to recover than 
the low altitude provenances, from which he con- 



cluded that alpine ecotypes are not better adapted 
to desiccation stress as some earlier authors had 
suggested. 

Desiccation stress 

From the above, it is clear that tissue desiccation 
in higher plants must be a rather rare phenome- 
non at high altitudes, and if it occurs, is restricted 
to plants growing on extremely exposed sites on 
shallow substrates or to situations where frozen 
soil blocks the water supply in the absence of snow 
cover (largely confined to the temperate zone). The 
possibility of winter desiccation in treeline trees 
has been discussed in Chap. 7. In principle, similar 
conclusions apply to evergreen alpine dwarf 
shrubs, although the phenomenon is even less 
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Fig. 9.20. Seasonal variation of leaf osmotic potential in 
alpine dwarf shrubs. Upper diagram: plants with little snow 
cover in winter. Lower diagram: plants under deep snow. 
Arrows indicate leaf water potentials after rehydration. The 
length of the arrow illustrates the “passive” contribution to 
osmotic potential by dehydration in winter. (Pisek et al. 
1935) 



likely to be abundant, given the small stature of 
these shrubs and their more likely coverage by 
snow during winter. According to Larcher’s 
summary (1972), evergreen dwarf shrubs in the 
Alps can lose between 50 and 60% (% d.w.) of their 
turgid water content before damage occurs, and 
such dehydrations are restricted to the period 
between February and April and to plant parts 
stretching over rocks for extensive periods with- 
out snow protection while soils remain frozen 
(Fig. 9.21). In species regularly experiencing such 
situations, as for instance in Loiseleuria procum- 
bensy water loss during this period is strongly 
inhibited by endogenously controlled stomatal 
closure, and excessively warm periods cannot 
break this dormancy, which is essential for sur- 
vival (Korner 1976; Tranquillini 1982). Vapor loss 
is unlikely to be predominantly cuticular (as is 
often assumed), but largely confined to the 
weakest points of the leaf surface, the closed stom- 
atal pore (leakage) and the thin, hardly cutinized 




Fig. 9.21. The seasonal variation of leaf water content and 
the critical water content for the occurrence of desiccation 
damage {hatched area) in two evergreen dwarf shrub species 
in the Alps. Data for 1950-2000 m (Rhododendron) and 
2150m (Loiseleuria) on Mt. Patscherkofel (Innsbruck, 
Austria) pooled from various years and authors and 
compiled by Larcher (1972, 1977). The critical water content 
represents the boundary at which 10-15% of the leaves are 
damaged. The additional dotted line for Loiseleuria indicates 
the 5% damage limit. The four points falling within the 
critical range are exclusively from very exposed microsites 
with no snow cover (e.g. Loiseleuria stretching over a rock) 



outer cell walls immediately at the pore. Under 
such extreme conditions, deeply furrowed leaves 
may be advantageous. Evergreen species re- 
stricted to sites with guaranteed snow cover, such 
as Rhododendron ferrugineum desiccate within 
only 3 days when snow is removed, because they 
do not possess such a strict control over stomata 
(Larcher and Siegwolf 1985). 

Active summer-green alpine species have 
hardly been studied in this respect. But two ob 
servations can be reported, which may be typical 
for short stature alpine grassland as it occurs in 
many alpine regions of the world. First, such turfs 
may exhibit extreme tolerance to desiccation. 
Small 10 X 10 cm blocks of 5 cm thick soil swards 
with Carex curvula and Primula minimay col- 
lected from 2300 m in the central Alps, were 
allowed to desiccate in a growth chamber at 6°C 
for 44 days. By the end of this period, swards 
appeared completely dry, and soil moisture was 
reduced to 4% of oven dry weight. Leaves of Carex 
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had turned grayish-green, were visibly distorted 
(wilted) and leathery. All mature rosette leaves 
of Primula were desiccated and brown. Within 8 
days after rewatering, 82 of 84 Primula rosettes 
had resprouted, and Carex leaves were fully turgid 
and green as if nothing had happened (K5rner 
et al. 1980). 

Second, and following from the above, the 
common brownish overall appearance of such 



I 




Fig. 9.22. Dead, often distorted leaf ends are a typical late 
season phenomenon in temperate alpine grasslands around 
the world and do not signal water shortage, but reflect 
normal recovery of nutrients before winter. (This example is 
Carex curvula^ Alps; similar patterns are seen in high 
altitude Chionochloa grasslands in New Zealand or Kobresia 
grasslands in central Asia and in the Rocky Mountains) 



alpine turfs, particularly in the later part of the 
season in temperate zone climates, is not related to 
desiccation due to drought. This phenomenon is 
due to normal leaf turnover, which in graminoids 
is associated with terminal leaf dieback. The 
rather rigid senesced leaf ends are not shed 
and decompose slowly, hence the brownish 
appearance (see color Plate 2d at the end of the 
book; Fig. 9.22). This phenomenon is observed 
irrespective of microsite moisture. These dead 
structures represent an effective windbreak and 
improve the canopy microclimate (K5rner 1980). 
Studies in the Alps have shown that this late 
season browning can be drastically delayed if N 
fertilizer is applied (unpubl. data by C. Heid 
and C. K5rner), indicating a link with nutrient 
recovery. 

There is a large variation in individual alpine 
plants' transpirational water loss, covering a range 
from 60% to less than 10% of the simultaneous 
evaporation from wet blotting paper when 
stomata are fully open (Fig. 9.23). Closure of 
stomata can reduce transpiration by 20- (forbs) 
to 200-fold (succulents, some evergreens). 
However, most of the time such restrictions do 
not occur and are not necessary in the alpine 
life zone. This and the previous Sections have 
illustrated that alpine plants are mostly not 
constrained by water shortage. Desiccation 
stress in higher plants in the alpine life zone is 
a very rare phenomenon, restricted to special 
microhabitats. 

Water relations of special plant 
types 

Alpine succulents, potentially employing the 
water saving crassulacean acid metabolism, are 
known from all climatic zones. They inhabit 
rock terraces and sun exposed locations on a 
shallow substrate (see color Plate 3 at the end of 
the book). Examples of important genera are 
Sempervivum and Sedum in the holarctic zone 
and in the tropical and subtropical Andes the 
genus Echeveria and various genera of Cactaceae 
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Fig. 9.23. Transpiration/evaporation ratios (moist blotting 
paper as a physical reference) illustrate the intensity of leaf 
water loss per unit leaf area at a given ambient evaporative 
demand. Note, those species exhibiting highest relative rates 
of vapor loss decouple from atmospheric forcing by stomatal 
responses (plateauing lines). 0 Open alpine grassland or 
scree vegetation; S snowbed vegetation; T evergreen treeline 
trees. (Simplified after Berger-Landefeldt 1936) 

(e.g. Tephrocactus, Trichocerreus) and Orchidaceae 
(e.g. the genus with the shortest name, Aa). 
Succulents may either not perform any CAM 
plants, exhibit facultative CAM plants, (not opera- 
tive during moist periods), or perform full CAM 
plants (always engaged). All three possibilities are 
also found in the alpine zone. 

The widespread and species rich genus Sedum 
has never been found to engage CAM plants in the 
alpine zone (for details on alpine CAM plants, see 
Chap. 11). For Sempervivum, facultative CAM 
plants had been reported for the Alps, but carbon 
isotope data indicate that the CAM plants contri- 
bution to total carbon uptake is relatively small. 
Hence, normal C3 photosynthesis is the dominat- 



ing mode of CO 2 asS^imilation in these succulents. 
Echeveria sp. from 4000 m altitude in Mexico per- 
forms “mild” CAM with 5^^C around -16 to -17%o. 
Medina and Delgado (1976) noted that E. 
Columbiana employs full CAM plants during dry 
periods, but normal C3 photosynthesis during 
rainy periods in the Venezuelan Paramos, a region 
with a positive annual water balance. A single 
observation in high Andean cacti suggests persis- 
tent full CAM plants engagement with 8^^C of - 
12%o, which means almost no water loss during 
the day (unpubl. data). In summary, the limited 
evidence on alpine succulents suggest that some of 
these specialists make no or little use of the water 
saving CAM plants mechanism, and are mainly 
water storers. Succulence, in these cases, appears 
to guarantee survival of short-term extremes on 
“hot spots”, but does not significantly contribute 
to night-time CO 2 fixation. 

Cushion plants, in their most compact growth 
form (color Plate 1 at the end of the book), not 
only store large detritus-bound nutrient pools 
and host intense microbial life in an otherwise 
often bare landscape, but also store large amounts 
of moisture. Rauh (1939, p. 474) allowed a cushion 
of Silene acaulis ssp. excapay collected at 2900 m 
in the Alps, to dehydrate in his office for 1 month 
without reaching lethal desiccation. In his classi- 
cal monograph, Rauh demonstrated that the 
cushion type of growth form (of which he 
distinguishes several sub-types) results from 
genotypic bud dominance and branching rules 
and does not represent a phenotype response 
related to environmental impact, including water 
shortage. Since cushion plants are commonly 
deep rooted, storage of moisture beneath 
the leaf canopy is more likely a byproduct of 
litter and raw-humus accumulation (and very 
beneficial to nutrient cycling) rather than being 
of special adaptive advantage for plant water 
status as such. As was shown by K5rner and 
De Moraes (1979), moisture loss per unit cushion 
surface area is small, because of the intrinsically 
low leaf area index, and water potentials hardly 
drop below -0.6 MPa, even during bright midsum- 
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mer weather. This parallels findings of Sveshni- 
kova (1973) in the semi-arid Pamir, where 
cushion plants exhibited no signs of tissue water 
shortage. 

Cushion shaped plant species are most abun- 
dant in cool or humid climates, and absent in the 
lowlands of the temperate and boreal zone and the 
tropics. Rauh (1939) reviewed the earlier litera- 
ture, according to which approximately half of all 
cushion plant species occur in the southern high 
Andes and in Patagonia, 16% in central Asia and 
the Himalayas, 14% in New Zealand and the 
Sub-Antarctic Islands, and 12% in the European 
mountains. He noted their minor contribution to 
the Arctic (3%), Africa (3%) and North America 
(ca. 2%). Given this distribution, the cushion 
morphology cannot be seen as a prime adaptation 
to drought (see also Chaps. 2, 4 and 11). Inher- 
ently cushion shaped thorn-scrub (not just shaped 
by grazing) as it is found in wind-swept high 
altitudes in North Africa, the Mediterranean and 
continental semi-deserts of western and central 
Asia (cf. Breckle 1973; Hager and Breckle 1985), 
also seem to benefit more from litter trapping 
and obvious mechanical advantages than from 
specific benefits related to water relations (Korner 
1993). 

The third and final “special case” are giant 
rosettes, which are found in the afro-alpine and 
equatorial Andean flora at altitudes between 3600 
and 4600 m (see Chap. 2). Smaller versions of this 
life form can be found in many other mountains 
of the world (Smith 1994). These often tree-like 
plants have to maintain water supply through a 
thin, up to 4 m long, stem which may freeze during 
the tropical-alpine night. 

When night temperatures are above zero, both 
Dendrosenecio species found at 4200 m altitude on 
Mt. Kenya showed little, if any reduction in leaf 
conductance during the day (Schulze et al. 1985). 
The caulescent Lobelia show either no stomatal 
reductions or (on very dry days) an almost linear 
response to vapor pressure deficit. However, after 
a -5 °C night frost, followed by a relatively humid 
day, the sessile Lobelia showed almost constant 



high leaf conductance, whereas the tall Den- 
drosenecio brassica had slightly reduced leaf con- 
ductance by 10 a.m., perhaps as a consequence of 
cold or still frozen xylem. Dead leaves coating the 
stems of giant rosettes efficiently prevent night- 
time freezing of the xylem (Monasterio 1986) 
under most situations, but fire may remove that 
screen. 

Night-time cooling of almost bare soils around 
giant rosettes in the high Andes is supposed to 
restrict moisture availability and make rosettes 
periodically dependent on moisture stored in the 
pith of their stem. For the Andean Espeletia 
Meinzer et al. (1985) and Goldstein et al. (1985) 
documented a pronounced increase of the pith 
volume/leaf area ratio with increasing altitude, 
and suggested an adaptive improvement of water 
relations. According to Baruch (1979), Espeletias, 
just like their afro-alpine convergent species, 
neither exhibit particular stomatal restrictions 
nor do they experience critically low water poten- 
tials. The lowest value he found was -1.5 MPa 
during the dry season. However, the work by 
Perez (1987) suggests that under exceptionally 
adverse soil conditions, drought stress seems to 
occur. According to Perez, the likelihood of mois- 
ture stress increases with the altitudinal decline of 
fine substrate, but decreases with the age and size 
of giant rosettes. Apart from such critical soil 
situations, available data suggest that moisture 
supply does not commonly exert a significant 
direct limit on tropical-alpine giant rosettes - 
according to Beck et al. (1982) there may even be 
a waterlogging problem at the base of slopes on 
Mt. Kenya. 

In summary, observations in all three of these 
special life forms are in line with the overall 
picture derived from studies of other life forms; 
that water relations play a less decisive role for 
alpine plants than in comparable plants growing 
at low altitudes. Disregarding some very special 
situations, which were discussed above, compara- 
tive studies along altitudinal gradients suggest 
that plant water relations are not critical for the 
functioning and survival of alpine plants. Extreme 
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water shortage, as it occurs in some alpine areas, 
selects for specific life forms and types of plant 
communities in a similar way to low elevations. A 
result of this selection is that even under very dry 
alpine conditions, physiological signs of drought 



stress are almost ffon-existent. However, the fol- 
lowing chapter will illustrate that nutrient cycling 
and plant nutrition are likely to be affected by 
periodic topsoil moisture shortage also at high 
altitudes. 
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The distribution and productivity of plant species 
in alpine regions is clearly affected by variation in 
soil fertility. This variation often occurs at spatial 
scales of one to a few meters and can be quite 
extreme, as illustrated by Figure 10.1. In regions 
with traditional alpine cattle farming such as the 
Alps, a multitude of unintended “fertilizer experi- 
ments” demonstrate how local nutrient addition 
(redistribution) can influence alpine vegetation 
(Fig. 10.2). 

However, it is questionable whether a shortage 
of mineral nutrients at alpine altitudes can explain 
the small size and slow growth of undisturbed 
alpine plants and the structure of alpine plant 
communities in general. The growth of individual 
plants can almost always be stimulated by nutri- 
ent addition, and alpine plants are no exception. 
However, in a closed community, the expansion 
of one individual (or one plant species) causes 
another one to become restricted. Therefore, 
plant communities (assemblages of certain plant 
species) are never nutrient limited, because the 
addition of nutrients in the long term creates new 
communities, replacing the old ones. Hence, 
“nutrient limitation” is a question of definition. 
If one views an ecosystem as an assemblage of 
organisms, each of which having its specific niche 
and function, all nested in, and depending on a 
specific environmental matrix, a concept of limi- 
tation largely drawn from agronomy makes no 
sense. The current composition of an ecosystem 
reflects all these potential constraints to the 
individuals, and removing some of these con- 
straints would lead to the loss of this structure, 
including several or all of the previously “limited” 
species. 



What people commonly have in mind when 
discussing nutrient limitation is the pro- 
ductivity of a site, irrespective of community 
structure. In this more agronomic sense, removal 
of limitation automatically means facilitating 
growth of other, more nutrient demanding, 
more vigorous species (Chapin et al. 1986). 
The need for a clear distinction between influ- 
ences on genetic structure and dry mass produ- 
ction applies to any change in resource supply, but 
is particularly critical when the roles of 
nutrients in low productive natural systems 
are discussed. 

Experimental fertilization of alpine vegetation 
in the Rocky Mountains and in the Alps (see 
below) has been found to stimulate growth, 
and nitrogen addition was most effective. Hence, 
nitrogen may be considered most limiting to 
alpine plant productivity. While supplies of all 
other soil nutrients ultimately depend on substrate 
weathering, nitrogen supply depends predomi- 
nantly on biological activity - both through 
dinitrogen fixation and recycling. Consequently, 
low alpine soil temperatures have repeatedly 
been cited as being the major constraint for the 
supply of plant available nitrogen (e.g. Bliss 
1971; Billings 1974). This chapter will therefore 
focus on nitrogen as the key nutrient, but 
phosphate and other nutrients will be considered 
as well. The first two sections provide a short 
account of mineral nutrients in soils and an 
assessment of plant nutrient concentrations. Then 
I will discuss nutrient cycling, nutrient budgets, 
nitrogen fixation and alpine mycorrhiza. Finally, 
responses of plants to nutrient addition will be 
summarized. 
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Fig. 10.1. Nutrients matter! Steep nutrient gradients lead to 
dramatic differences in plant biomass and species 
composition even at very high altitudes (here 300 m above 
the treeline in the Alps, Wattens/Tirol). A gulley with no 
outlet traps leached nutrients from surrounding slopes (see 
color Plate 2 at the end of the book). Rainfall in this area is 
high (>1200 mm/year with a peak during the growing 
season), hence upslope plants never experience any moisture 
shortage. Note that leaf nutrient concentrations vary little, 
and high leaf nitrogen concentrations occur at both ends of 
the transect. (Unpubl. data) 



Soil nutrients 

The concentration of total nitrogen in alpine soils 
is correlated with soil organic matter concentra- 
tion (SOM). The more humus, the greater the total 
nitrogen pool per unit land area. However, the C/N 
ratio commonly becomes lower the less organic 
matter is contained in soils (Table 10.1). Poorly 
developed soils at extreme high elevation with 
only sparse vegetation may exhibit C/N ratios of as 
low as 5 to 8, in contrast to ratios of more than 40 
in acid raw humus soils under ericaceous shrub. 
The major root horizon (i.e. the top 10 cm of the 




Fig. 10.2. Regular fertilizer addition (here cattle manure) 
can convert low stature alpine heath into a luxurious 
“herbage crop”. Though total aboveground leaf dry matter 
may not be different, plant and leaf size can differ 
dramatically. Rumex alpinus leaves shown here reach a size 
of 25 cm X 40 cm. The massive rhizomes produced by these 
plants were formerly fed to pigs. Photograph taken at 2100m 
elevation near the climatic treeline at Furka Pass, Swiss Alps 



profile) in closed alpine grassland commonly 
shows C/N ratios between 10 and 20, similar to 
what is observed in low altitude grasslands and 
deciduous forests. The very detailed analysis by 
Rehder (1970) for the Alps revealed that low C/N 
ratios of 8 to 1 1 are found at moderately produc- 
tive sites (with Poa, Sesleria, Nardus) and higher 
values of 12 to 14 are typical for less productive 
sites {Carex curvula, Carex firma). Hence, annual 
biomass production is negatively correlated with 
total N concentration in the soil (Fig. 10.3), just as 
it tends to decline with SOM concentration. For 
the top 20 cm of the profile, Rehder calculated total 
organic N pools of 4.4 to 8.8tNha”^ for these 
alpine grasslands (approximately 0.7 to IkgNm"^ 
for full profile depth). Again, these numbers are 
very similar to those for low altitude ecosystems (a 
range of 0.75 to 1 kgN m“^, with an extreme of 2 for 
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Table 10.1. Nitrogen concentrations and C/N ratios in alpine soils 



Sites/soils Depth %C %N C/N pH 



High altitude raw soils with sparse vegetation 
4 alpine sites with Oxyria digyna (USA, 3500 m) 

Open tussock flats (NW Argentina 4250 m) 

Closed alpine grasslands 

2 types of grassland (NW Caucasus 2750 m) 

3 types of grassland (Rocky Mts., 3500 m) 

8 types of grassland (Swiss Alps, 2600 m) 

Alpine sedge mat (Tirolian Alps, 2550 m) 

(Hohe Tauern Alps, 2300 m) 

6 types of grassland (Bavarian Alps 2000 m) 

Alpine dwarf shrub heath 

Pioneer heath (Tirolian Alps 2050 m) humus layer 

Loiseleuria heath (Tirolian Alps 2000 m) organic layer 

humus layer 
weathering layer 

Vaccinium heath (Tirolian Alps 2000 m) organic layer 

humus layer 
weathering layer 

Subtropical and tropical alpine vegetation 
Mt. Wilhem (Papua New Guinea, >3450 m) 



Mt. Kenya (sites with giant rosettes, 4150 m) 
Paramo el Banco (Venezuela 3800 m) 

Andean semi-desert (NW Argentina 4800 m) 



- 


0.3 


- 


5.4 


- 


0-15 cm 


0.7 


0.1 


6.4 


- 


20-45 cm 


0.3 


0.07 


4.6 


- 


0-5 cm 


7.8 


0.8 


10 


4.0 


10-15 cm 


2.0 


0.25 


8 


3.8 


0-10 cm 


14.5 


1.2 


12 


5.1 


0-5 cm 


9.5 


0.5 


19 


- 


5-lOcm 


- 


0.3 




- 


0-10 cm 


_ 


1.0 


- 


3.8 


0-5 cm 


10 


0.6 


17 


5.6 


10-15 cm 


1 


0.036 


28 


4-5 


0-5 cm 


17 


1.5 


11 


5-7 


_ 


6 


0.2 


30 


3.8 


5-20 cm 


42 


1.0 


42 


2.6 


20-25 cm 


8 


0.3 


27 


3.3 


25-50 cm 


4 


0.3 


12 


4.2 


5-25 cm 


45 


1.6 


28 


2.6 


20-30 cm 


29 


0.9 


32 


3.3 


30-65 cm 


5 


0.3 


17 


4.5 


tundra 


12 


0.5 


23 


5.0 


tussock 


15 


0.9 


17 


6.1 


bog 


19 


1.3 


15 


5.7 


slope 


6 


0.4 


15 


5.2 


valley 


14 


1.0 


13 


6.1 


slope 


5 


0.3 


17 


4.1 


valley 


10 


1.6 


6 


4.9 


nival 


1.3 


0.1 


13 


5.1 


tussock 


1.2 


0.1 


12 


5.2 



Rounded means (standard deviations were omitted and soil horizons were simplified for the sake of clearness). References from 
top to bottom: Mooney and Billings (1961); Ch. Kdrner and S. Halloy (unpubL); Rabotnov (1987); Fisk and Schmidt (1995); 
Galland (1982); Holzmann and Haselwandter (1988); Danneberg et al. (1980) and Posch (1980); Rehder (1976a); Neuwinger 
(1972); Larcher (1977); Wade and McVean (1969, cited by Hope et al. 1976); Rehder (1994); Barnola and Montillla (1997); Ruthsatz 
(1977). 



coniferous forests, compiled by Killham, 1994). 
Galland (1982) reports generally much higher C/N 
ratios for similar grasslands in the Swiss National 
Park (mostly between 14 and 30). Nitrogen to 



Phosphate ratios in the soils studied by Galland 
varied between 5 and 16 (mean of 9 ± 3, n = 8). 

These organic pools of nitrogen and other 
nutrients tied up with SOM are not directly avail- 
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Concentration of total soil nitrogen (% d.m.) 

Fig. 10.3. Net seasonal aboveground biomass accumulation 
and concentrations of total N in alpine soils correlate 
negatively because total soil N is a function of soil organic 
matter concentration, which in turn, is associated with soil 
acidity. (Rehder 1970) 

able to plants and must be “mineralized”, and 
made soluble, to become accessible. However, 
nutrient concentrations in aequous extracts of 
soils also do not provide a direct measure of true 
nutrient availability. Such extracts only reflect a 
momentary picture of free nutrients, and concen- 
trations may be very low due to instantaneous 
uptake by plants and microbes (midseason <10 pg 
N substrate, i.e. 10^ to 10^ smaller than those for 
total N; Rehder 1970; Jaeger and Monson 1992). 
Since it is the nutrient addition rate to the root, 
rather than the nutrient concentration in the soil 
solution which determines plant growth (Ingestad 
1981), extractions of soils at a point in time will 
always be inconclusive with respect to the actual 
supply situation. In a well coupled (natural) plant- 
soil system, very little free soil nutrients may be 
found, even though plant demand may be met. The 
more actively plants grow, the less likely it is to find 
freely available nutrients in the soil. Thus, the 
highest nutrient concentrations are observed at 
snow melt in spring and in late fall, and the lowest 
concentrations occur during periods of active 
plant growth (Rehder 1976b; Fig. 10.4). 

Commonly, ammonium nitrogen dominates 
the soil solution in organic and acid alpine soils. 
However, as Rehder (1970) has shown for calcare- 
ous soils with a pH of around 6, this is not due to 




Fig. 10.4. The seasonal variation of total mineral nitrogen in 
soils and the rate of root initiation (presence of new root 
tips in excavated individuals of Bistorta histortoides) in 
alpine Kobresia grassland of the Rocky Mountains in 
Colorado. (Jaeger and Monson 1992) 



greater microbial ammonium release, but results 
from faster nitrate resorption by plants. In ion 
exchange resin bags exposed in sedge dominated 
alpine grassland of pH 4, Arnone (1997 and pers. 
comm.) captured 1.3 to 4 times more NO3" N than 
NH/ N. Atkin (1996) and Michelsen et al. (1996) 
concluded that, in contrast to common belief, 
NO3" is also an important N source in the arctic, 
and evidence is accumulating that soluble organic 
nitrogen is potentially even more important in 
cold soils than either N03~ N or NH4^ N, a hypoth- 
esis still to be tested for alpine soils (Chapin et al. 
1993; Michelsen et al. 1996; Eviner and Chapin 
1997). 

The nutrient status of alpine plants 

Except for extreme situations, the concentration of 
mineral nutrients in plant tissues is not directly 
related to nutrient supply, but largely depends 
on the way plants use the nutrients which they 
absorb. Nutrient concentrations may be low due to 
severe limitations of supply, but they may also be 
low because of dilution through fast growth (as a 
result of accumulation of carbon compounds). 
Tissue nutrients may reach very high concentra- 
tions because of excess supply or because they 
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concentrate as result of retarded growth. Tissue 
nutrient analysis can tell us how plants utilize 
(invest) mineral nutrients and whether plant 
tissues have the capacity of low or high metabolic 
activity (e.g. maximum rate of photosynthesis), 
because nutrient (N) concentration, protein con- 
centration and physiological activity are tightly 
coupled. 

Concentrations are rated as high or low by com- 
parison and general experience. For instance, if 
someone finds midseason leaf nitrogen concen- 
trations in deciduous or herbaceous leaves of only 
1.5% of dry mass, this would, by all standards, be 
considered very low (permitting only relatively 
low rates of photosynthesis). The same concentra- 
tion would be considered normal or high in ever- 
green leaves. In herbaceous plants, 3 to 4% N 
would be considered a high concentration. Were 
the concentration around 2.5% one could safely 
conclude that the investigated leaf operates in a 
normal range, reflecting neither obvious depletion 
or shortage of nitrogen. However, conclusions 
about growth limitation at the whole plant level 
are not possible. A plant may just have stopped 
producing new leaves (e.g. because of exhausted 
available soil N pools) and thereby is maintaining 
an “adequate” nutrient level in existing leaves. 
Thus, “nutrient status” in the current context 
means the supply status of cells in an existing 
tissue, comparison with published knowledge or 
some reference sites. In a comparative approach, 
tissue nutrient concentrations can at least tell us 
whether or not tissues are seriously deficient in 
certain nutrients. 

Results of a global screening project of peak 
season mineral nutrient concentrations in tissues 
from alpine plants revealed that mineral nutrient 
concentrations, most consistently those of nitro- 
gen (but also phosphate), increase with increas- 
ing elevation (Korner 1989b; Fig. 10.5). Leaves of 
plants from the highest elevations may contain as 
much as 4-5% N. This trend is observed across 
climatic zones, plant life form, a multitude of 
species, and is not restricted to leaves, but includes 
roots and non-woody stems as well. The trend is 
enhanced when N per unit leaf area is considered. 



because leaves become thicker with increasing 
altitude. Detailed studies in single species over 
narrow altitudinal gradients (Korner and 
Cochrane 1985, Woodward 1986, Morecroft 
et al. 1992a) underline the universality of these 
patterns. 

However, such an elevational comparison is 
only valid as long as comparable sets of species 
within a certain climatic range are considered (see 
the discussion in Chap. 1). It holds within forbs, 
grasses, shrubs and trees, but means for whole 
communities composed of species of these life 
forms may not fit this pattern if the relative abun- 
dance of these life form changes with altitude. 
Since many sedges, tussock grasses and sclero- 




Leat nitrogen concentration (% d.m.) 



Fig. 10.5. Nitrogen concentrations (% dry matter) in leaves 
of comparable plant species from low and high altitude in 
the Alps and the northern Scandes. Alps: 2.87 ± 0.73 versus 
2.40 ± 0.62 (n = 25/21 species, p = 0.02); Scandes: 3.18 ± 0.51 
versus 2.80 ± 0.58 (n = 22/25, p = 0.02). (Korner 1989b) 
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phyllous dwarf shrubs produce tissues with little 
N and/or much C, their greater abundance at high 
altitude may reduce the nitrogen concentration 
in a mixed biomass sample. A typical example is 
illustrated by Fig. 10.1, where the community 
mean at the right end of the profile is dominated 
by a low N tussock grass {Nardus stricta), but the 
small forb fraction of the biomass is very rich in 
N. In other words, the increase of % N with alti- 
tude in coherent sets of species does not mean that 
the overall N concentration in the whole stand 
biomass must follow the same trend. Furthermore, 
if soil chemistry, moisture supply or cloudiness 
show radical changes along an elevational gradi- 
ent (as in some tropical mountains with arid tops), 
low/high altitude comparisons, in the strict sense, 
with respect to tissue N become meaningless as 
well. This is why the above mentioned survey cen- 
tered on transects with only moderate changes in 
soil moisture (e.g. parts of the Alps, New Zealand, 
the Scandes and New Guinea). 

This data set revealed a remarkable latitudinal 
trend as well (Fig. 10.6). Alpine plants (in essence 
forbs) of polar mountains exhibit much higher leaf 
N concentrations than alpine plants in equatorial 
mountains, but are proportionally thinner (K5rner 
et al. 1989a; Fig. 11.3). Consequently, N per unit 
leaf area changes little with latitude. This global 
“natural experiment” hints at some possible causes 
for the observed patterns in N concentration in 
alpine plants. Tropical-alpine species are not 
restricted by a short season and invest/accumulate 
more C per unit leaf area (in fact, they contain on 
average 2.4 times as much carbon per area as 
arctic-alpine forbs). Accounting for day-length dif- 
ferences, their potential carbon gain per year (at 
equal photosynthetic capacity) would be ca. 2.9 
times bigger than in the arctic (Korner 1989b). 
This comparison suggests that the product of leaf 
% N and effective season length is maintained 
fairly constant across latitudes. It appears that 
carbon rather than nitrogen per leaf area varies in 
response to season length under such marginal life 
conditions. Greater carbon (and thus diluted N) 
concentration in leaves of tropical-alpine plants is 
associated with longer leaf life (C amortization; 




Fig. 10.6. The latitudinal variation of leaf nitrogen 
concentration in herbaceous plant species close to the 
regional upper limits of higher plant distribution. Numbers 
indicate the number of species sampled in each region. Note 
the inverse relationship with length of season (shaded). 
(Korner 1989b) 



see Chap. 12), greater mechanical rigidity and 
reduces attractiveness for herbivores. 

On a whole plant basis, a surprisingly similar 
fraction of nitrogen is partitioned to leaves and 
special storage organs in high and low altitude 
forbs (data for the Alps, Fig. 10.7). Alpine forbs, 
however, invest less N in stems and more in fine 
roots, largely a consequence of the overall patterns 
of dry matter allocation (see Chap. 12). 

Whatever limits mountain plants in migrating 
to even higher elevations, it does not seem to be a 
general limitation of metabolic capacity per unit 
leaf area by low levels of leaf nitrogen. There are 
no indications of any unusual mineral nutrient 
shortages in tissues of alpine plants. Concentra- 
tions in alpine forbs compare well with those in 
plants from fertile agricultural land at low alti- 
tudes. This may be related to the fact that in cold, 
infertile habitats plants tend to grow slowly and 
build up higher concentrations of nitrogen by 
“luxurious consumption” (Chapin et al. 1986; 
K5rner 1989b). Direct growth limitation due to low 
temperatures, particularly during nights, may 
further restrict nutrient “dilution” (Korner and 
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Fig. 10.7. Average patterns of nitrogen partitioning in 
lowland (n = 21) and alpine (n = 25) forb species. The stem 
compartment includes all non-leaf aboveground plant parts. 
(Korner 1989b) 



Pelaez-Menendez Riedl 1989; Morecroft and 
Woodward 1996). These conclusions do not pre- 
clude nutrient limitation of biomass production at 
the ecosystem level, and also do not exclude the 
possibility that nutrient addition may stimulate 
growth. These data rather suggest that alpine 
plants grow such that relatively high mineral 
nutrient levels are maintained in tissues. 



Nutrient cycling and nutrient 
budgets 

Mineralization of organic matter, atmospheric 
deposition, nutrient release from the mineral soil, 
and biological fixation of molecular nitrogen are 
the four major pathways through which plants 
obtain their nutrient supply. Given the remote 
position of most alpine habitats with respect to 
natural and anthropogenic atmospheric sources 
of nutrients, and because temperatures are low, all 
four sources may be expected to be comparatively 
weak and co-limit alpine plant growth. Severe lim- 
itations of overall microbial activity have indeed 



been documented for alpine soils (e.g. Rehder 
1970; Schinner 1982; Holzmann and Haselwandter 
1988), and low temperature limitation of nutrient 
uptake is also a well-known phenomenon (Chapin 
1978; Karlsson and Nordell 1996). However, 
Brooks et al. (1996) noted that soil activities may 
be higher than one might expect, given the low soil 
temperatures. Morecroft et al. (1992b) found either 
no change or even an absolute increase of miner- 
alizer activity with altitude across two transects of 
600 and 800 m difference in altitude in Scotland. 
However, other environmental factors, not linked 
a priori to altitude may overshadow the conse- 
quences of cooler climate alone, in particular if 
elevational differences are small (e.g. local effects 
of precipitation and runoff, type of vegetation, 
geology and soil acidity, slope activity, land use). 

A classic technique of assessing rates of miner- 
alization in soils is to exclude the major consumer, 
the higher plant. By using so-called buried bags 
or incubation tubes with intact soil cores, it is 
possible to approximate net rates of microbial 
release of nutrients from soil organic matter. 
Ground-area based rates, which are required to 
compare sites and relate responses to biomass are, 
however, rare. 

For the temperate zone, data sets by Rehder 
(1970) and Fisk and Schmidt (1995) indicate that 
between 0.1 and 5gNm”^are released annually in 
alpine grassland, with means of around lgm~^a”^ 
for intact soil cores found by Fisk and Schmidt on 
Niwot Ridge appearing to be the most robust 
estimates. These authors also noted that seasonal 
variability of microbial activity was greater than 
landscape variability across three very differently 
exposed sites. They also suggested that microbes 
themselves had a very high and variable N 
demand, which strongly co-determined N avail- 
ability to plants. On average, total microbial N 
pools were roughly ten times as big as the monthly 
rates of mineralization on Niwot Ridge. 

Very little information is available for the 
tropics and subtropics. Ruthsatz (1977) used the 
buried bag technique at eight sites between 2600 
and 4800 m altitude in the northwest Argentinan 
Andes, a rather dry area with semi-desert vegeta- 
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tion along most of the transect. In the middle part 
of the transect (3700-3800 m) she found a pro- 
nounced seasonal variation of free soil nitrate, 
with a maximum of 1 g nitrate-N m"^ during the 
dormant period, but very small pools (<0.1g 
nitrate-N m“^) during the growing period. 
Between 3700 m and 4800 m, where the total 
above-ground biomass (shrubs and grasses) aver- 
ages somewhere between 2 and 4tha"^ annual 
mineralization was extremely small (no data), so 
that Ruthsatz concluded that plants must have 
access to other N sources, presumably microbial 
N 2 -fixation. 

In arctic-alpine fellfields, Jonasson et al. (1995) 
found soil microbes to contain 3.5%, 7% and 35% 
of all soil C,N and P respectively. When they added 
sugar, microbial C increased, but microbial N and 
P pools remained unaffected. When they added 
NPK, microbial biomass C was not affected, but 
the microbial N and P pools increased by a factor 
of two (N) or more (P), further confirming the sink 
strength of alpine soil microbes for nutrients. By 
adding fungicide these authors showed that the 
majority of microbial biomass was not fungal. N 
limitation of alpine soil microbes was also demon- 
strated by a less intrusive supply of carbon to 
microbes via long-term C02-enrichment of vege- 
tation, which had no effect on microbial biomass 
or respiration (despite a proven C surplus in the 
system) unless extra mineral NPK was provided as 
fertilizer (Niklaus and Korner 1996, Kdrner et al. 
1997). Hence, the common assumption for low alti- 
tude soils that microbes are primarily C limited, 
does not seem to hold for alpine situations. Plant- 
microbe competition for N and P in closed alpine 
vegetation can apparently be severe, and microbes 
appear to be co-limited by both C and nutrients 
such as N and P in such undisturbed, late succes- 
sional high altitude systems. 

N and P immobilization are not necessarily 
coupled, and their strong dependency on soil type 
may override any altitudinal effects. Jonasson 
et al. (1993) compared mineralization in subarctic 
alpine fellfields with lowland heath in northern 
Sweden and found higher rates of N mineraliza- 
tion but close to zero P mineralization in alpine 



soils, whereas the reverse was true on peaty heath 
soils at low altitude. By using soil transplants they 
demonstrated that these differences were soil- 
specific and were unrelated to the 4-5 K tempera- 
ture difference between sites. Such soil-specific 
responses may also explain the higher N mineral- 
ization observed by Morecroft et al. (1992b) in the 
alpine zone of Scotland. 

A seasonal release of only IgNm"^ (see Fisk 
and Schmidt, above) is cearly not enough to 
support the annual substitution of total biomass 
nitrogen even in very sparse alpine vegetation. 
Although data on land-area-based N in biomass 
are rare for alpine vegetation, and great uncer- 
tainty exists about the below-ground living frac- 
tion, a mean of about 10gNm“^for grasslands 
appears plausible (estimates of 6 to 20gNm"^ 
reported by Rehder 1976a; Evans 1980; Smeets 
1980; Schappi and Kdrner 1997; Arnone 1997) of 
which 60-70% is below ground. Since the season- 
al net biomass production commonly does not 
exceed 200 g dry matter m“^ a seasonal demand for 
“new” N of 2-3gm~^per season would still exceed 
the estimated seasonal release by mineralization 
rates by a factor of two to three. The seasonal 
incorporation of N corresponds to roughly 15% of 
the peak season biomass N pool in these grass- 
lands (a substantial fraction of the biomass is 
perennial). 

The “missing” N fraction is obtained through 
plant internal re-allocation, through atmospheric 
deposition largely in meltwater, but also via N 
fixation. Resorption of N from old senescing tissue 
and allocation to new tissue, either directly via leaf 
replacement or via intermediate storage of N are 
well documented phenomena for arctic-alpine 
(Skre 1985; Jonasson 1989; Karlsson 1994), tem- 
perate alpine (Jaeger and Monson 1992; Schappi 
and Korner 1997) and subtropical/tropical alpine 
plants (Sundriyal and Joshi 1992; Beck 1994). 
According to Schappi and Kdrner, recovery of N 
from green leaves during senescence is 68% in 
Carex curvula and 49% in Leontodon helveticus in 
the Alps, and phosphate recovery from senescing 
leaves was reported by Smeets (1980) to reach 80% 
in this sedge species. Jaeger and Monson (1992) 
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report that 60% of the total nitrogen found in new 
shoots of Bistorta bistortoides was re-allocated N 
from belowground biomass stores. Hence, a 
minimum of 50% plant internal recycling of N and 
other mineral nutrients appears to be a conserva- 
tive estimate. 

Linked to investment and recovery dynamics, 
nutrient concentrations (particularly in leaves) 
vary dramatically with season (Fig. 10.8). All sorts 
of functional attributes of these seasonal changes 
have been discussed in the literature, although 
they largely reflect two independent processes, not 
necessarily related to the nutrient supply status of 
active cells: (1) the accumulation of carbon due to 
tissue maturation in the first part of the season - 
in essence a dilution process, which has little to 
do with nutrition per se, and (2) nutrient recovery 
during tissue senescence in the late season. While 
nutrient content per cell may not vary in the first 
phase (dry matter is just an inadequate reference) 
it does in the second phase. As Fig. 10.8 illustrates, 
a stable intermediate phase may not exist within 
the short alpine summer of temperate and sub- 
polar climates. 




Fig. 10.8. The seasonal variation of nutrient pools in 
phanerogam biomass of sedge-dominated alpine grassland 
at 2300 m altitude in the central Alps. (Smeets 1980) 



As in other nutrient poor environments, alpine 
plants, particularly those on bare soils and in open 
vegetation in windswept habitats have developed 
remarkable structural adjustments in order to 
close their nutrient cycle with minimal risk of 
losses. The cushion life form and dense rosettes 
represent a compromise between plant internal 
recycling and “open” recycling via litter and soil. 
As was discussed in Chapter 6, cushion plants 
must be seen primarily as litter- and thus, nutri- 
ent-traps, which at the same time create a very 
favorable micro-environment for decomposers 
and adventitious roots. Another remarkable piece 
of nutrient recycling machinery was described by 
Beck (1994) for giant afro-alpine Senecios, where 
stem-born adventitious roots explore the attached 
decomposing leaf coat for nutrients. 

The mineral nutrient cycle may also be 
enhanced through above- and belowground 
herbivory occurring in all alpine environments. 
Mammals graze alpine vegetation up to the 
highest peaks (Halloy 1991; Diemer 1992) and as 
much as half of the annual nitrogen investment in 
alpine grassland phytomass (bio- and necromass) 
can be removed by ruminant grazers (Sundriyal 
and Joshi 1992; Fig. 10.12). In natural alpine grass- 
land in the Alps (300 m above the treeline), the 
exclusion of the already very moderate cattle 
grazing (which historically replaced part of 
natural grazing by ibex and chamoix at these 
elevations) had quite unexpected effects. After 6 
years, total peak season phanerogam biomass in 
the fenced plot was 16% lower than in the 
continuously grazed land outside the fenced area 
(standing dead plant mass and litter, reflecting 
cumulative effects of several years, was reduced by 
-34%). Forb representation in the fenced commu- 
nities was significantly reduced by the time of 
sampling (S. Schneiter and Ch. Korner, unpub- 
lished). Thus, very extensive grazing had a positive 
effect on both biomass production and species 
richness and is responsible for a substantial frac- 
tion of nutrient cycling in this system (Fig. 10.9). 
Less obvious are invertebrate grazers, which can 
affect plant communities more than larger 
animals. Blumer and Diemer (1996) found that 
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Fig. 10.9. The role of grasshopper and ruminant grazing in the aboveground nitrogen cycle in an alpine sedge-dominated 
grassland. “Ct/f-dropped” means that grasshoppers harvested leaves, but dropped them uneaten on the ground. Numbers for 
ruminant grazing are only rough estimates (in this case for short cattle visits in midsummer which substitute former ibex 
and chamoix grazing), and recycling of this biomass is patchy (dung, urine) with a mean spatial recurrence of 20-50 years. 
From data by Blumer and Diemer (1996), Schappi and Korner (1997) and S. Schneiter and Ch. K5rner (unpubl.). See also 
Fig. 10.16 



alpine grasshoppers my recycle between 20 to 30% 
of above-ground biomass (Fig. 10.9). Since this 
interrupts late season nitrogen recovery within 
plants, at least half of the nitrogen contained in 
grazed biomass is diverted into the microbial 
nutrient cycle. 

Complete nutrient budgets for alpine vegeta- 
tion are rare in the literature, particularly because 
so little is known about below ground processes. 
From ecological theory, late successional, stable 
alpine vegetation should have a balanced nutrient 
budget with small net gains and losses and nearly 
constant overall pools. This is in essence what was 
found for alpine dwarf shrub communities during 



the International Biological Programme (Larcher 
1977). As an example. Fig. 10.10 illustrates the 
nutrient fluxes of three key nutrients in a 
Loiseleuria heath. These evergreen shrubs annual- 
ly recycle 40% of their above-ground P, and 80% 
of their aboveground K. The major flux of K is via 
canopy leaching, whereas litter represents the 
main flux for P. The pools in the litter compart- 
ment are remarkable. Of the total aboveground 
live and dead plant material, 48% of P, 54% of Ca, 
52% of Mg, and 80% of Fe are found in litter (only 
22% of K) at peak season. This is a typical situa- 
tion for many alpine ecosystems. Litter pools and 
litter decomposition in some alpine tussock grass- 
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Fig. 10.10. The mineral nutrient budget of an alpine dwarf 
shrub canopy at 2000 m near Innsbruck, Austria (kg ha"* a"*). 
For other nutrients see the original paper by Larcher (1977) 



lands may be even larger, in particular, when 
belowground dead plant material is included (see 
the example for New Zealand in Fig. 10.11). 

As a rule, more mineral nutrients are contained 
in belowground biomass than in aboveground 
biomass (Fig. 10.1 1), but very little is known about 
the mean residence time of nutrients in roots. Sun- 
driyal and Joshi (1992) mention turnover times for 
roots of Himalayan alpine grassland of 2.2 years 
for P, 1.7 years for N and 1.5 years for K. Their 
nutrient flux model (N fluxes shown in Fig. 10.12), 
indicates a total seasonal influx of 15gNm“^into 
phytomass, of which one third ends up in necro- 
mass (litter and standing dead material) during 
the growing period. 




Fig. 10.11. Mineral nutrient partitioning in three alpine 
snow tussock communities in New Zealand (NZ) and alpine 
pasture land in the Alps {NA northern Alps, CA central 
Alps). Note the massive nutrient pool in litter in the 
two Chionochloa (C. p aliens, C. macra) snow tussock 
communities compared with the Festuca novae-zealandiae 
(F) community in New Zealand. (Evans 1980; Smeets 1980; 
Rehder 1976a) 
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Nitrogen (g nr^) 




Fig. 10.12. Accumulative seasonal fluxes of nitrogen (gm“^) 
into and out of various phytomass compartments in 
Himalayan alpine grassland. (For P and K see the original 
paper by Sundriyal and Joshi 1992) 



Alpine P dynamics have been studied much less 
than N dynamics and are most often discussed in 
relation to mycorrhization (see below). In contrast 
to N fertilization, P fertilization appears to have a 
much weaker (if any) effect on plant growth in 
alpine grassland. Only a small group of species 
(mainly non-mycorrhizal ones) were responsive 
to P fertilization in the trials of Theodose and 
Bowman (1997, see also the later Section on this 
topic). No significant effects were seen in late 
successional alpine grassland in the Alps (J. 
Bolliger and Ch. K5rner, unpublished). Perhaps 
this is so because alpine plants have evolutionari- 
ly adjusted their growth and efficiency of P acqui- 
sition to the long-term supply status, as studies 
in arctic and alpine ecotypes of Carex aquatilis 
by Chapin and Oechel (1983) suggest. They found 
that roots from cold, phosphate-poor soils had 
higher rates of uptake under standardized condi- 
tions than ecotypes from warmer, more fertile 



sites. They also concluded that the local availabilty 
of P had a more pronounced selective effect on 
P-uptake characteristics than temperature. 

Nitrogen fixation 

Both symbiotic and free bacterial di-nitrogen 
fixation have been documented for alpine 
ecosystems (for literature see Holzmann and 
Haselwandter 1988). With increasing altitude, the 
relative contribution of symbiotic (largely legume) 
di-nitrogen fixation decreases, whereas that of 
cyanobacteria increases. This is simply because 
legumes are less successful at high altitudes than 
other phanerogam families, and are altogether 
absent in the highest life zone above the snowline. 
However, the overall seasonal contribution of both 
these N sources is small compared with N derived 
from mineralization. 

Where legumes are present in the alpine zone, 
their roots are always nodulated (pers. obs. in 
various parts of the world). Whether bacteria in 
nodules are active can be estimated by the acety- 
lene reduction assay or, with less certainty, by the 
natural abundance of the stable isotope in 
plant tissue. Rhizobia do not discriminate against 
this heavy form of N, whereas decomposers in the 
soil do, and thereby alter the isotopic composition 
of litter- derived N (both positively and negatively, 
depending on the fraction considered). Table 10.2 
illustrates that legumes from high altitudes tend to 
have values close to the atmospheric value of 
zero, whereas non-legumes most commonly have 
negative 8^^N, hence, are depleted (but there 
are exceptions, which will be discussed later). 

Evidence from acetylene reduction assays by 
Wojciechowski and Heimbrook (1984) confirmed 
symbiotic N 2 -fixation in Trifolium dasyphyllum at 
3650 m on Niwot Ridge, and Bowman et al. (1996), 
by combining field and laboratory studies, con- 
cluded that Trifolium species from the same site 
meet 70 to 100% of their N requirements by sym- 
biotic N fixation (60% for Trifolium alpinum in the 
Alps, J. Arnone, pers. comm.). Where legumes are 
present, N fixation per unit land area was esti- 
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Table 10.2. Stable nitrogen isotope dis- 
crimination in legumes and non- 
legume species from cold high altitude 
or subarctic habitats (%o ± SD) 



Site 


Legume sp. 


Mean 5^^N for 
non-legumes (n) 


Iztaccihuatl, Mexico 4000 m 


Lupinus sp. 


0.69 -4.55 + 1.43 (8) 


Niwot Ridge, Colorado 3600 m 


Trifolium nanum 
T. dasyphyllum 


0.05 -1.59 ±0.72 (2) 

-0.05 


Furka Pass, Swiss Alps 2470 m 


T. alpinum 
T. pallescens 
T. badium 

T. pratense ssp. nivale 


-1.02 -4.00 - (9) 

-1.31 

-1.72 

-1.34 


N slope Alaska (foothills) 


Lupinus arcticus 


0.00 -4.90 ± 1.60 (2) 


Abisko N Sweden (450-1150m) 


Astragalus alpinus 
A. frigidus 


-1.50 -3.90 + 1.70 (9) 

-2.00 



Sources from top to bottom sites: Ch. Korner (unpubL), Bowman et al. (1996), Ch. 
Korner (unpubL), Nadelhoffer et al. (1996), Michelsen et al. (1996) who mention that 
the two Astragali were nodulated and had much higher leaf N than all the non- 
legumes, hence were N-fixing despite the negative 5^^N. Cyperaceae, Ericaceae, 
hemiparasitic Scrophulariaceae and non-legume symbiotic N-fixers such as Dryas 
and Alnus were excluded from the comparison (see text). 



mated to range between 0.1 and 0.8gNm"^a~^ by 
these authors. Using the same technique with a 
suite of potted species in high alpine sedge mats 
in the Alps, Holzmann and Haselwandter (1988) 
measured a 100 fold nitrogenase activity in 
legumes {Trifolium badium), compared with 
non-legumes. Such legume pots fixed an equiva- 
lent of 0.8gNm“^a“^ - exactly what Bowman 
et al. (1996) estimated (a maximum of only 
0.008 gNm~^a“^ was found in the non-legume 
pots). Irrespective of species, the nitrogenase 
activity in the pots was enhanced when plants 
were incubated at 22 °C in the laboratory, hence 
low soil temperature seems to inhibit activity in 
the field. It should be added that there are also 
other than legume N 2 fixing symbiotic associa- 
tions in alpine vegetation, the actinomycorrhizal 
ones by Dryas and alpine Alnus shrubs being well- 
known examples. 

The fact that certain groups of species had to 
be excluded from the comparison in Table 10.2 in 
order to make it meaningful, shows that a multi- 
tude of other potential sources for variability in 
exist; some are known, but others are yet 
to be explored. The most important for alpine 



ecology appear to be the extreme signatures 
of Ericacae (8^^N as low as -9%o) and Cyperaceae 
(5^^N as high as +3.5%o). Michelsen et al. (1996) 
and Nadelhoffer et al. (1996) explain these differ- 
ences by different N sources (soil horizons, melt- 
water, species of N compounds) and type of 
mycorrhiza. For example, discrimination against 
during mineralization leads to higher 8^^N 
values in older, more recalcitrant humus fractions 
(cf. Nadelhoffer et al. 1996). Perhaps, sedges have 
access to these otherwise very stable forms of 
organic N. Ericaceae, on the other hand, seem to 
have access to extremely ^^N depleted N sources, 
most likely from newly mineralized organic N, 
perhaps made available through the ericoid myc- 
orrhiza. The high 6^^N in sedges can not be 
explained by the absence of mycorrhiza, since, for 
example, Carex curvula (8^^N 0.0 ± 1.23%o; unpub- 
lished data) clearly has endomycorrhiza, whereas 
Carex vaginata (8^^N -0.50 ± 0.4%o) studied by 
Michelsen et al. (1996) was non-mycorrhizal, but 
both species show similar and comparatively high 
8^^N (for mycorrhiza, see below). In addition to the 
above mentioned possibility of access to recalci- 
trant N pools, it also seems possible that these 
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sedges profit from N 2 fixation at their root surface. 
Cyanobacteria in the rhizoplane were indeed 
documented by Nosko et al. (1994) for 10 arctic 
graminoids (bacterial species isolated were 
Clostridium, Desulfovibrio, Klebsiella, Azospiril- 
lum), The separation of free living versus symbi- 
otic bacteria appears artificial in view of such 
microbe-plant associations, but it still awaits 
testing as to whether this is a significant direct 
access route for plants to N. 

There also seems to be a distinct association 
between age and stability of soils and in 
plants (Fig. 10.13). Plants growing on very old and 
deep soil profiles with low pH and high humus 
accumulation were found to have less negative 
(in the example shown in Fig. 10.13, around 
-2%o, disregarding legumes and sedges) com- 
pared with young, highly disturbed and inorganic 
substrates (around -7%o; in this case a glacier 
forefield, released from ice only few decades ago). 
An explanation of these patterns is difficult. 
Glacier forefield plants could be expected to live in 
essence on soluble N in meltwater (atmospheric 
deposition), whereas late successional vegetation 
strongly depends on N cycling (accumulation of 
in the soil). Whatever the reason for such 
differences, it is obvious that N sources differ a lot 
in these otherwise similar groups of alpine plant 
species growing in close proximity at the same 
elevation. 

Because of the rarity of legumes in alpine veg- 
etation and over long periods, di-nitrogen fixation 
by free cyanobacteria seems to be more important, 
at least at moderate alpine altitudes. Substantial 
activities of free living di-nitrogen fixers have 
been documented for wet meadow sites in the 
Rocky Mountains by Wojciechowski and Heim- 
brook (1984). However, the significance of N 
derived from cyanobacteria seems to lie more in 
the long-term accretion of N compounds in devel- 
oping soils, rather than in the immediate provision 
of plant available N. This is because estimated sea- 
sonal inputs are very low. The 5 mgNm"^ input per 
season reported by Wojciechowski and Heim- 
brook (1984) for Niwot Ridge would require 200 
years to support one season’s phanerogam flush. 




Sites ranked by increasing successional age 

Fig. 10.13. A profile of in grasses and non-legume 
dicots along a series of sites differing in soil age and soil 
stabilty, from a largely inorganic, highly disturbed substrate 
in a glacier forefield, 1, to very old, acid SOM-rich soil, 5. 

Sites are seen in Fig. 4.2, with the glacier forfield site in the 
center and the sites 3A and 3B to the left and site 2 to the 
right (sites 4 and 5 not visible, but at the same elevation). 
(Unpubl.) 



Very low rates of annual N 2 fixation by free living 
bacteria were also reported for arctic tundra in 
interior Alaska by Chapin et al. (1991). Waughman 
et al (1981) conclude that less than 5% of the 
estimated annual plant uptake in the tundra 
is obtained through biological nitrogen fixation, 
which includes cyanobacteria activity in associa- 
tions with lichens (e.g. the genera Peltigera and 
Stereocaulon) and with mosses, often forming 
cryptogam crusts (Fig. 10.14). Haselwandter et al. 
(1983) found no evidence for the presence of 
cyanobacterial activity near the upper limit of 
higher plant life in the Alps (3000 m). 

Because nitrogen fixation per season is so 
small, nitrogen supply to alpine plants largely rests 
on recycling. However, an additional source of 
soluble N compounds is precipitation, particular- 
ly in meltwater. Relatively high concentrations 
of both ammonium and nitrate in meltwater 
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Fig. 10.14. Cryptogam crusts (3-5 mm thick) formed by 
algae, tiny mosses, lichens and perhaps also cyanobacteria, 
cover large areas of young and sparsely vegetated alpine 
soils, particularly in wet and cold places (near Muttenhorn 
glacier. Fig. 4.2, Swiss Alps 2500 m). The arrow indicates a 
spot with the crust broken off. The values for the 
microscopic mosses and the remaining fraction of the 
organic crust were identical, and surprisingly negative: 
-6.6%o. This means that mosses use the same N source as 
the pooled other organisms, and that this source is not 
immediately derived from bacterial di-nitrogen fixation but 
underwent massive discrimination (the N-concentration 
was 1.2% of dry matter in both components, but mineralic 
dust could not be eliminated completely). (Unpubl.) 

were reported by Haselwandter et al. (1983) and 
Bowman (1992). According to Bowman the annual 
input through snowmelt on Niwot Ridge varied 
between 0.1 and 0.6gNm~^, depending on snow- 
pack. Present natural sources of soluble atmos- 
pheric nitrogen are increasingly supplemented 
by anthropogenic ones, causing annual rates of 
soluble N deposition to reach 0.5 to 1.4gNm"^in 
the central Alps (Psenner and Nickus 1986, Graber 
et al 1996; see Chap. 17). It is unclear how this is 
already affecting, or will affect alpine vegetation. 
One consequence could be a shift from predomi- 
nantly N to more P-limited situations. The annual 
soluble P deposition by precipitation in the central 



Alps was found to be only 7mgm~^ (Psenner and 
Nickus 1986), approximately 30 times less the 
annual requirement for biomass production 
(assuming a 10 : 1 tissue ratio of N : P). Hence, even 
when accounting for such deposition scenarios, P 
provision remains relatively more dependent on 
soil processes than N provision. 

Mycorrhiza 

All known types of mycorrhiza occur in alpine 
vegetation: ectomycorrhiza (e.g. Salix, DryaSy 
Polygonum, Kobresia sp.), ericoid mycorrhiza 
(Ericaceae), vesicular- arbuscular (VA) mycorrhiza 
(most forbs, grasses and some sedges) and even 
orchid mycorrhiza. Non-mycorrhizal plant species 
can also be found (Gardes and Dahlberg 1996). A 
further special category are so-called dark-septate 
hyphae associations (many species, including 
Carex) which have also been proven to be mutual- 
istic (cf Haselwandter 1987). 

Mycorrhization generally declines with increas- 
ing altitude, but VA mycorrhiza and dark-septate 
hyphae are found even in the highest rock and 
scree habitats, though at strongly reduced abun- 
dance (Haselwandter 1979; Read and Hasel- 
wandter 1981; but see the exception found by Vare 
et al. 1997; Fig. 10.15). Completely isolated plants 
above 3000 m in the Alps were largely free of my- 
corrhiza, but dark-septate hyphal fungi could be 
seen (data for Ranunculus glacialis, Cerastium 
uniflorum and Poa laxa; Read and Haselwandter 
1981). An analysis of fine root length and biomass 
in plants from this site (K5rner and Renhardt 
1987) revealed a significantly more extensive root 
system relative to low altitude congeneric species. 
This may be viewed as compensation for reduced 
mycorrhization (see Chap. 12). 

The ubiquitous presence of dark-septate 
hyphae, even in plants free of “conventional” my- 
corrhiza suggests some functional significance of 
these endophytes. By comparing sterile and inoc- 
ulated individuals of Carex firma, Haselwandter 
and Read (1982) demonstrated that growth and 
phosphorus uptake increased when these hyphae 
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Fig. 10.15. The altitudinal decline of ericoid mycorrhization 
in Vaccinium myrtillus and Vaccinium vitis-dea in the Alps. 
Values are mean glucosamine concentrations of mycorrhizal 
roots in |igmg“^ root dry matter. The treeline is at ca. 2000 m 
in this area (Haselwandter 1979) 



were present, suggesting a symbiotic function. 
Hence, it is uncertain whether plants at uppermost 
altitudes become independent of fungi. Given the 
low plant cover, slow growth, short growing season 
and the abundance of nutrients in meltwater at 
such sites, Haselwandter et al. (1983) concluded 
that demand for symbiotic associations under 
such life conditions may be absent or weak. 

Formation of mycorrhiza is not only species 
and altitude dependent but is also influenced 
strongly by local soil conditions. Lesica and 
Antibus (1986) compared high alpine calcareous 
and siliceous sites in Wyoming and Montana with 
less than 60% plant cover and found that all but 
two out of 32 phanerogam species were mycor- 
rhizal (including two species of Carex). Species of 
Draba (Brassicaceae) and Astragalus (Fabaceae) 
were non-mycorrhizal. According to these authors, 
mycorrhization was more intense on calcareous 
soils, which may be due to lower availability of 
phosphate. Soil specific variation of mycorrhiza- 
tion was also observed by Barnola and Montilla 
(1997) who found less mycorrhizal infection 
(exclusively VA) in mixed root samples from 
poorly drained and fertile places, compared with 



well drained and less fertile slope sites at 3800 m 
altitude in the Venezuelan Andes. These authors 
also report that the degree of mycorrhization was 
highest in the upper 5 cm of the profile with only 
half as many infections in roots at 10-30 cm depth. 
They found one Carex species to be without 
mycorrhiza, while another Cyperaceae species 
(Eleocharis) formed mycorrhiza. 

Taken together, these observations indicate that 
mycorrhiza is a common element of alpine plant 
life, but that it is more prominent in lower alpine 
altitudes and in infertile soils, becoming rare only 
in isolated plants on high mountain peaks, where 
soils are largely inorganic. There is no rule about 
non-mycorrhizal plant families but, as at low 
altitude, non-mycorrhizal species often belong to 
Cyperaceae and Brassicaceae, with no obvious 
drawback for such species. 

While the studies reported above provide a rel- 
atively good picture of the presence of mycorrhiza 
in alpine vegetation, much less is known about 
mycorrhizal function. What we know is correla- 
tive. For instance, Mullen and Schmidt (1993) 
found a temporal relationship between the devel- 
opment of arbuscules in the snowbed species 
Ranunculus adoneus and subsequent plant phos- 
phorus accumulation (Fig. 10.16). The evidence 
provided above about nitrogen isotope abundance 
also hints at a specific function of mycorrhiza 
in N acquisition (Michelsen et al. 1996). Further- 
more, the pot experiments of Haselwandter and 
Read (1982) with alpine Carex species clearly 
showed that phosphate supply can be improved by 
the presence of endophytic dark-septate hyphae. 
When alpine plants received elevated CO 2 for four 
consecutive seasons they did not grow more, but 
non-structural carbohydrates in tissues were 
significantly increased, suggesting a carbon sur- 
plus (Schappi and K5rner 1997). However, the 
degree of mycorrhization in the dominant species, 
Carex curvula, was not significantly altered (R. 
Schertler, pers. comm.; see Korner et al. 1997). 
Hence, the degree of mycorrhization does not 
appear to depend on the carbon supply status of 
the host, at least not in the case of this late succes- 
sional sedge. 
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Fig. 10.16. The seasonal course of mycorrhizal arbuscule 
development and shoot concentrations of phosphorus in the 
Rocky Mountains snowbed species Ranunculus adoneus. 
(Mullen and Schmidt 1993) 



Responses of vegetation to variable 
nutrient supply 

What happens to alpine plants when nutrient 
availability is increased? This may occur naturally 
by meltwater flows from late snowfields or by 
animal dung. Effects of nutrient addition are not 
always as dramatic as illustrated by Figures 10.1 
and 10.2. In the short term, responses range from 
zero to large stimulation of growth, and conse- 
quences of prolonged fertilization may still occur 
several decades later (Hegg et al. 1992, who revis- 
ited the site of the first scientific fertilizer trial in 
alpine grassland by Liidi 1936). The message from 
Liidi’s classic experiment in Nardus grassland at 
2000 m altitude (near the climatic treeline in the 
front ranges of the Alps in Switzerland), is that the 
regular annual addition of NPK fertilizer (approx- 
imately 40kg Nha"^ applied as ammonium sulfate) 
completely changed the community structure and 
resulted in a seven-fold increase in biomass 
(useable yield without stubble) reaching 350 g dry 
matter m"l The gain was largely due to a stimula- 
tion of a few grass species. A number of species 
like Vaccinium vitis idea and Gentiana kochiana 
disappeared. Fertilization of Liidi’s plots was 
repeated between 1946 and 1950 and leaf nutrient 



concentrations (N and P) were still enhanced 30 
years later (Hegg et al. 1992). 
t" Even most barren sites, such as a glacier 
forefield with very sparse pioneer vegetation 
^ (center of Fig. 4.2), show a massive fertilizer 
^ response. Within two seasons, the addition of 100 
^ kgNm“^ per season created lush Poa alpina dom- 
g inated “meadows”, green patches which could be 
^ spotted from a great distance (Fig. 10.17). 

From unpublished nitrogen fertilizer trials at 
higher altitudes in the Medicine Bow Mountains 
(Wyoming), Scott and Billings (1964) concluded 
that nitrogen availability was not limiting plant 
growth. Similarly Diemer (1992) found no effects 
of fertilizer addition on population dynamics in 
Ranunculus glacialis at 2600 m in the Alps. More- 
croft and Woodward (1996) report that Scottish 
alpine Alchemilla showed no growth stimulation 
when lOOkgha”^ ammonium nitrate N was added. 
These observations are surprising, even if one 
accounts for rapid losses of fertilizer by nutrient 
leaching in these rather wet environments. When 
provided with the equivalent of 40kgNha~^a“^ as 
liquid fertilizer in small doses over the first half of 
the alpine growing season, a doubling of above- 
ground biomass production occurred in a raised 
alpine sedge community in the Swiss central Alps 
at 2500 m by year 2, and persisted into year 4 of 
treatment (no change in below-ground biomass; 
Korner et al. 1997). Such rates of wet N deposition 
are currently observed in many parts of lowland 
Europe. 

A pronounced stimulation of biomass produc- 
tion of a similar sedge community in the Austrian 
central Alps (2300 m; treeline at 2000 m) was also 
observed by Haunold et al. (1980) who provided 
lOOkgNha"^ as ammonium N only. Their trial 
resulted in a unique data set on the uptake dynam- 
ics of N fertilizer in late successional alpine grass- 
land. was applied once, early in the season of 
year 1. Results showed that (1) significant amounts 
of in plants are found only during the year of 
treatment (13-20% of total N applied recovered by 
plants). (2) Uptake of dropped to 5% in the fol- 
lowing growing season, and to 0.5% in the 3rd 
year. (3) Hardly any labeled N was found in soil 





166 



10 Mineral nutrition 




Fig. 10.17. The visible effect of fertilizer addition on a barren glacier forefield after 2 years of treatment (plot size 1 m^; site 
in the center of Fig. 4.2) 



horizons below 30 cm depth (1%), and 60-70% 
(year 1) of the total label were located in the top 
1-3 cm of the dense root felt (predominantly in 
organic form). By year 2, 50% of all label was 
immobilized in this layer. More than 70% of all 
applied N remained in the soil until year 3. (4) 
Only 1% of the total label was extractable (soluble) 
49 days after application from the top 3 cm, and the 
fraction was reduced to 0.2-0.5% in the follow- 
ing year. (5) Concentrations of free soil nitrate 
remained negligible. (6) Parallel lysimeter studies 
confirmed the assumption that almost none of the 
applied N was leached from the system. This is a 
most convincing demonstration of the potential N 
binding capacity of alpine soils and may in part 
explain some of the contradictory results men- 
tioned above. 

Further explanations for different results of fer- 
tilizer experiments emerged from various trials of 
Bowman and co-workers on Niwot Ridge. These 
authors showed that responses to fertilizer are 
species, life form and habitat (soil) specific, 
and may take more than a year to become 
apparent (Bowman et al. 1993, 1995; Bowman 



1994; Bowman and Conant 1994; Theodose and 
Bowman 1997). Increased nitrogen supply, alone 
(their dry site) or in combination with P (wet site), 
but not P alone, stimulated growth (160kgNha"^ 
supplied liquid in bi-weekly portions). Just as in 
Liidi’s experiment, grasses responded more than 
forbs, and sedges {Kobresia) not at all. Among 
forbs, only the non-mycorrhizal ones (species 
of Thlaspi Draba, Saxifraga, Sedum) showed 
a positve response to P addition. Also, since 
graminoids were more abundant on the well 
drained ridge they studied, the ridge community 
as a whole responded more in relative terms (+70 
to +100% depending on parameter) than did a wet 
meadow on flat terrain. In no case was the com- 
munity response the result of physiological 
changes at the individual shoot or the leaf level 
(e.g. shoot mass or rates of leaf C02-exchange). 
Also, dwarf willows, supplied with 250kgNha“^ 
slow release fertilizer pellets, responded more on 
the ridge than in flat terrain, but the majority of 
responses tested were smaller than +20%, similar 
to what a 5 year fertilizer trial in alpine ericaceous 
dwarf shrubs yielded (Korner 1984). A recently 
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completed fertilizer trial in arctic-alpine fellfield 
vegetation in north Sweden (U Molau, J Alatalo 
and M Weih, per,s. comm.) showed significant 
stimulations of grasses by year 2, and of decidu- 
ous shrubs by year 3, with evergreens becoming 
outcompeted. 

In nature, available nutrients are often not uni- 
formly spread over the rooted soil matrix, but have 
a patchy distribution (e.g. bird droppings, dead 
grasshoppers). Are alpine plants able to “sense” 
such patches and respond rapidly enough before 
the patch disappears through seepage or absorp- 
tion by microbes? Because I found no answer to 
this important question in the literature, I present 
results of a small pilot study conducted in 1997 in 
Fig. 10.18. This widespread late successional alpine 
sedge responded rapidly and explored the small 
pockets of nutrient enriched sand with six times 
more new fine roots than were found in sand-only 
patches. This extremely slow growing species is 
not at all slow when “food” is provided! As was 
mentioned above, Carex curvula responded by 
almost doubling its aboveground biomass when 
the whole stand was fertilized, but root biomass 
remained unaffected when nutrients where, so to 
speak, everywhere. Responses to nutrient hot 
spots in an otherwise nutrient poor matrix are ob- 
viously quite different. 

By applying small amounts of labeled 
fertilizer to alpine communities and studying 
the species specific capture of Theodose et al. 
(1996) demonstrated that tissue N concentration 
(and incorporation) was not an important 
predictor of the relative abundance of a species. 
In fact, uptake rate was negatively correlated 
with percent cover of a species. Their results 
suggest that high resource uptake rates were 
not indicative of competitive ability, but may 
instead be a mechanism by which rare alpine 
species are able to coexist with competitive 
dominants. 

Supplies of nutrients in most of these fertilizer 
experiments were massive, and not likely to occur 
in nature, but they illustrate a potential maximum 
range of responses to doses of N which, in the long 
run, most likely exceed the immobilization capa- 
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Fig. 10.18. Alpine plants actively forage for mineral 
nutrients. Nutrient rich “patches”, installed in almost pure 
stands of the late successional alpine sedge Carex curvula^ 
are rapidly explored by roots within one 10-week season 
(15 mm cores of 45 mm depth filled with acid sand and 
topped with slow release full fertilizer pellets at the onset of 
the preceding winter). The new root mass contained in the 
nutrient rich patches (six times the amount found in 
controls) corresponds to 550 g m^. Swiss central Alps, 2500 m. 
(Unpubl.) 

city of soil microbial communities. Similarly pro- 
nounced species specificity of nutrient responses, 
a strong response of grasses in particular, were 
reported earlier for low altitude arctic tundra 
(Shaver and Chapin 1986). 

Responses of individual alpine plants to ferti- 
lization under controled conditions in green- 
houses or growth chambers revealed more pro- 
nounced responses in early successional, faster 
growing species than in late successional, slower 
growing species (Scott and Billings 1964; Cham- 
bers et al. 1987; Atkin and Cummins 1994). All six 
Australian alpine species tested in sand cultures by 
Atkin and Collier (1992) with six concentrations of 
a complete fertilizer solution grew more, the 
higher the concentration, but shoot nitrogen con- 
centrations did not change (except for two species 
at the highest concentration). In other words. 
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growth occurred such that levels of tissue nitrogen 
(protein) remained constant. 

Overall, these and the community responses 
described above suggest that alpine plants, in most 
cases, exhibit growth responses to fertilizer in a 
similar way to wild lowland plants. Similarly, 
Chapin (1987) concluded that N and/or P addition 
promoted plant growth in every arctic communi- 
ty thus far examined. In general, grasses are the 
most responsive group to fertilization, followed by 
forbs, deciduous shrubs and evergreen shrubs. 

A fertilizer-induced stimulation of growth of 
alpine plants by no means indicates improved 
fitness. Even species not immediately outcom- 
peted by others after fertilization may be affected 
very negatively (Korner 1984; Fig. 10.19). For 
example, fertilized alpine Vaccinium myrtillus was 
found to sprout 10 days earlier than non-fertilized 
plants (increased late frost risk), and entered 
winter with green, immature buds (increased early 
frost risk). Fertilized Loiseleuria procumbens, 
the leaves and internodes of which massively 
increased in size, was progressively killed by snow 
mold between the third and the fifth winter after 
the treatment began. Hence, the concept of nutri- 
ent limitation needs to account for fitness in a 
broader sense, including stress resistance which 
allows persistence in alpine environments. 

While nitrogen and phosphate can play a key 
role in determining alpine plant growth, alpine 
plant distribution is strongly influenced by the 
abundance of calcium. A vast plant sociological 
literature exists on how species abundance and 
distribution are influenced by the presence or 
absence of calcareous or dolomite rocks. Species 
are often grouped into “calcicole” (found on Ca- 
rich substrate) and “calcifuge” (not found on Ca- 
rich substrate), with the latter also containing 
more potassium in their tissue than the former 
(e.g. Passama et al. 1975; Tosca and Labroue 1981). 
However, for most species, site preferences are not 
that strict and for many “calcicole” species very 
little Ca, perhaps from dust deposits from distant 
Ca-rich substrates, may be sufficient (e.g. Dryas 
octopetala). Even classic calcifuge {Rhododendron 
ferrugineum) and calcicole {Rhododendron hirsu- 
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Fig. 10.19. The influence of a low dose of NPK fertilizer on 
alpine dwarf shrubs after 5 years of treatment. In Vaccinium 
myrtillus, phenology (25 May, 1982) is affected (note the 
earlier leaf appearance in fertilized shoots, left), the slow 
growing wind-edge species Loiseleuria procumbens produces 
leaves almost twice as big as normal, but becomes very 
sensitive to fungal infections. (Mt. Patscherkofel, 2000 m, 
Innsbruck, Austria) 



turn) species in the Alps may occur next to each 
other on calcareous rock overlain by acid rendzi- 
na soils. Under culture conditions, NPK fertiliza- 
tion often eliminates the substrate specificity. Yet, 
substantial ecotypic differentiation exists and 
even subspecies occurring strictly on a particu- 
lar substrate type have been discribed (e.g. 
Erschbamer 1990,1996). The addition of Ca to acid 
alpine grassland can also increase growth and lead 
to massive species replacement (Liidi 1936; Hegg 
et al. 1992). 

In summary, in this chapter I have attempted to 
demonstrate that alpine plants commonly have 
tissues with equally high (or even higher) nutrient 
concentrations than similar plant types from low 
altitudes. When provided with additional nutri- 
ents (more nitrogen in particular) over several 
years, most alpine species grow more, but peak 
season tissue concentrations often change little. 
However, for comparing tissue nutrient (N) status. 
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dry matter is a problematic reference because the 
presence of more or less carbon compounds does 
not necessarily indicate that cells have less or more 
nutrients for their metabolic demand. Similar 
nitrogen, but varying carbon investments per unit 
leaf area across the globe’s alpine regions, suggest 
that growth controls leaf nitrogen levels or vice 
versa, which ensures similarly high metabolic 
activities per leaf area over a wide range of nitro- 
gen supply situations, including conditions of very 
poor supply (K5rner 1989b). On average, it is the 
amount of carbon rather than the amount of N 
that varies per unit leaf area with altitude and lat- 
itude. Biological nitrogen fixation contributes very 
little to the annual nitrogen demand of alpine veg- 



etation, and plants depend heavily on recycling of 
nutrients. Stable N isotope studies indicate that 
alpine plants use a variety of different soil N 
sources, but mechanisms are hardly understood. 
In seasonal climates of the temperate and subpo- 
lar zone, meltwater is an (increasingly) important 
source of soluble mineral nutrients. Key compo- 
nents of an understanding of mineral nutrition 
of alpine plants are internal nutrient cycling, 
turnover times of live and dead tissues (roots in 
particular), and the largely unknown roles that 
free soil microbes and mycorrhiza play in plant 
nutrient supply in cold climates (Jonasson et al. 
1995). 




1 1 Uptake and loss of carbon 



Plant dry matter production is the net result of 
uptake and loss of CO 2 , the two processes consid- 
ered in this chapter. The photosynthetic uptake of 
CO 2 by a plant depends on the specific activity 
of its leaves and the total amount (mass or area) 
of leaves present per total plant mass. Leaf photo- 
synthesis depends on three processes: (1) the dif- 
fusion of CO 2 from the free atmosphere to the site 
of carboxylation in chloroplasts, (2) the biochem- 
ical reduction of CO 2 and formation of sugar 
through photosynthesis, and (3) the removal of 
carbon assimilates from the site of synthesis. Each 
of these depends again on a number of internal 
and external determinants. The diffusion and the 
biochemical fixation of CO 2 are usually well coor- 
dinated so that the plant’s investment in photo- 
synthetic machinery per unit leaf area is efficiently 
utilized and diffusional constraints are kept small. 
The third process includes both transport and 
demand problems. If there is no demand for 
carbon assimilates (no active sinks), neither 
transport nor photosynthetic limitations 
matter because end products will soon inhibit 
photosynthesis. 

The demand for carbon assimilates in the plant 
body is controlled by three main factors: (1) the 
developmental stage of a plant (i.e. its readiness to 
grow, which varies during the year), (2) the avail- 
ability and activity of structural, reproductive, 
storage or metabolic (respiratory) sinks for C 
compounds, and (3) the availability of other essen- 
tial resources (mineral nutrients, water) and envi- 
ronmental conditions (e.g. temperature) which 
co-determine sink activity (i.e. the biochemical 
processing of primary assimilates into more 
complex components or process energy. 



The loss of CO 2 through various respiratory 
processes (for maintenance, growth and nutrient 
uptake) depends on the age, quality and activity 
of tissues and the major external driver is tem- 
perature. Just as with CO 2 uptake, it is not only 
the tissue specific rate of respiration, but also 
the amount of various types of respiring tissues 
per total plant mass that determines the overall 
loss. 

Thus, neither the rate of CO 2 uptake per unit 
leaf area, nor the respiratory losses of a specific 
tissue per se are useful for predicting plant 
growth. Growth involves a multitude of addi- 
tional determinants, most importantly the frac- 
tionation of assimilates into autotrophic and 
heterotrophic structures (a plant’s strategy of dry 
matter investment), which will be discussed in 
Chapter 12. This list of elementary controls of a 
plant’s CO 2 exchange also illustrates that a multi- 
tude of factors could become critical for the net 
carbon uptake of whole plants, and the biochemi- 
cal control of leaf photosynthesis is one of these, 
in many cases not the critical one. It is important 
to keep this wider view in mind, while leaf photo- 
synthesis of alpine plants is first considered in 
isolation. 

Photosynthetic capacity of 
alpine plants 

For more than a century it has been known that 
leaves of alpine plants are not inferior to their 
lowland relatives as far as photosynthetic capaci- 
ty (Acap) is concerned. Acap is defined here in the 
sense of Larcher (1969) as the highest rate of pho- 
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tosynthesis (A) that can be measured under 
optimum temperature, light and moisture condi- 
tions and normal ambient CO 2 concentration in 
fully mature (non-senescent) leaves. During his 
work in the Alps near Chamonix and in the Pyre- 
nees, Bonnier (1890b, 1895) was possibly the first 
who noted with surprise how much CO 2 alpine 
plants can capture, compared with low altitude 
plants. The leaf-anatomical basis for this - a 
greater mesophyll thickness - was documented for 
a large number of species by Wagner in 1892. The 
first detailed analyses of in situ alpine leaf photo- 
synthesis were those by Henrici (1918, 1921) of 
Basel and by Cartellieri (1940) of Innsbruck. It 
took another 20 years until their results were 
confirmed by modern infrared gas analysis (for 
reviews see Pisek 1960; Billings and Mooney 1968; 
Friend and Woodward 1990). 



In situ photosynthetic capacity in perennial 
species of alpine altitudes varies (in |iimolm~^s"^) 
between 3 and 30, and reflects leaf morphotype, 
leaf longevity and microhabitat conditions (Fig. 
11. 1). Most herbaceous plants have rates between 
12 and 22 (mean of 17), dwarf shrubs range from 
4 to 14, tropical giant rosettes from 3 to 8, dwarf 
rosettes of the important arctic-alpine genus Saxi- 
fraga from 3 to 5. Maximum rates in CAM plants 
are below 3 (but see the specific Section). Acap of 
lichens is commonly below 1. Annual plants, which 
are rare at alpine altitudes, and confined to warm 
microhabitats, exhibit similar Acap as perennial 
forbs (12 to 17jLLmolm“^s“^ when measured in 
potted plants transferred to a low altitude growth 
chamber; Reynolds 1984). 

The data set for the Alps by Korner and Diemer 
(1987) was collected at exactly the same place 
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Fig. 11.1. In situ photosynthetic capacity in alpine plant species as measured under local pressure conditions at altitudes 
between 2000 and 4300 m (with a few exceptions, between 2600 and 3600 m). Authors (sorted from top to bottom of data): 
Cartellieri (1940), Billings et al. (1966), Moser et al. (1977), Chapin and Oechel (1983), Abdaladze (1987), Korner and Diemer 
(1987), Rawat and Purohit (1991), Terashima et al. (1993), Bowman et al. (1995), Larcher (1977, data from four dwarf shrub 
species measured in field grown shoots in the laboratory at 600 m were adjusted by -10% to account for a mix of short-term 
adjustment and pressure difference). Bowman and Conant (1994),Nakano and Ishida (1994), Schulze et al. (1985), Goldstein 
et al. (1989), Moser et al. (1977), Billings et al. (1966), Wagner and Larcher (1981, SLA assumed to be 1), Sonesson (1986), 
Larcher and Vareschi (1988) 
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where Cartellieri (1940) worked in the 1930s with 
his titration machine and the two water bottles 
connected by a rubber tube, which had to be lifted 
alternately to create a known gas flow through 
the leaf cuvette. For Ranunculus glacialis and 
Geum reptanSy Cartellieri reported 20.8 and 14 
|imolm~^s“^ for Acap> which compares surprisingly 
well with the 19.1 and 13.7|imolm"^s“^ measured 
in the same species in the mid 1980s with 
electronic mass flow controllers and infrared gas 
analysis. 

A comparison of photosynthesis in alpine 
plants with that in lowland plants needs to account 
for the differences of partial pressure of CO 2 . For 
the lower 5 km of the atmosphere, total atmos- 
pheric pressure, and with it the partial pressures 
of all atmospheric gases decreases by approxi- 
mately 10% for every 1000 m of altitude (for details 
see Jones 1992). For example, at 2600 m where 
most of the data from the Alps were collected, the 
pressure is ca. 21% less than at 600 m altitude, the 
height at which comparative data for low altitude 
plants presented below were obtained. This must 
not be confused with the mixing ratio of atmos- 
pheric gases, which does not significantly change 
with altitude in the 5 km range relevant here (for 
CO 2 see Zumbrunn et al. 1983; Korner and Diemer 
1987; Matson and Flarriss 1988; deviations of a 
few ppm are observed at the vegetated planetary 
boundary and locally where fossil CO 2 is emitted). 
A suite of (dimensionless) units are in use for 
describing C 02 /“air” mixing ratios, but for the 
practical purposes relevant here, they are equally 
accurate and numerically identical (ppm, |lir\ 
pbar bar“^ PaMPa'S pmolmor^). Currently, the 
mixing ratio of CO 2 in air is ca. 360 ppm, which 
corresponds to a partial pressure of 360 (ibar (36 
Pa) at sea level, 340 |ibar at 600 m and 270 |uibar at 
2600 m altitude (which, by coincidence, corre- 
sponds to the pre-industrial partial pressure of 
CO 2 at sea level). 

A negative effect of reduced partial pressure of 
CO 2 on photosynthesis at high altitudes has often 
been postulated (e.g. Decker 1959; Billings et al. 
1961; Mooney et al. 1966; Halloy 1981). However, 
decreasing partial pressure of CO 2 does not occur 



in isolation but is accompanied by other pressure 
related changes, and its direct influence on plants 
may partially be diminished or enhanced by three 
factors: (1) the oxygen partial pressure decreases 
as well, hence photorespiration, i.e. the oxygenase 
activity of the C02-binding enzyme “Rubisco” 
becomes reduced, and (2) “thinner” air allows CO 2 
molecules to diffuse faster through stomata and 
the intercellular spaces in the leaf (see discussion 
in Korner and Diemer 1987; Kdrner et al. 1991); (3) 
air temperature drops and so does leaf tempera- 
ture for much of the time, which counteracts (2) 
and enhances (1). The two diminishing factors (1 
and 2) cannot balance the effect of declining CO 2 
partial pressure, because they are not as influential 
on photosynthesis as C02-partial pressure is in 
these ranges of concentration. 

When stomata are open and photosynthesis 
reaches a maximum, constraints by gas diffusion 
limit photosynthesis by only one fifth compared 
with four fifth of the total CO 2 uptake resistance 
contributed by intracellular - largely biochemical 
- processes (Kdrner et al. 1979), thus enhanced gas 
diffusion can never fully compensate the pressure 
effect on photosynthesis (as was suggested by 
Gale 1972). If extrapolated to the extremes, this 
assumption would suggest a maintenance of pho- 
tosynthetic rates while pressure approaches zero. 
On the other hand, low temperatures suppress 
photorespiration more than carboxylation and the 
overall outcome of all these interactions depends 
on the actual microclimate and is difficult to 
predict (Terashima et al. 1995). 

Terashima et al. (1995) modeled the interac- 
tion of these pressure/altitude related influences 
on photosynthesis and - by adopting various 
assumptions - arrived at the conclusion that the 
reduction of photosynthesis by reduced pressure 
is at most 23% for 3000 m, compared with the 
theoretical ca. 29% reduction by the actual drop of 
partial pressure of CO 2 . Hence, the sum of the 
counterbalancing processes accounts for a ca. 6% 
reduction of the negative pressure effect under 
assumed warm canopy conditions, and ca. 10% at 
rather cool temperatures. As was shown in Chapter 
4, temperatures are not always lower in short- 
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statured alpine plants than in low altitude plants, 
particularly not when high radiation permits 
maximal photosynthesis. 

In summary, the partial pressure of CO 2 at 
the surface of mesophyll cells will be progres- 
sively reduced with increasing altitude and alpine 
plants do have to cope with a (though not pressure 
proportional) diminished availability of CO 2 , just 
as animals and humans have to cope with reduced 
oxygen pressure on high mountains. At the upper 
limit of higher plant life (see Chap. 2), the ambient 
CO 2 pressure is only half that at sea level. Whether 
and how this might affect actual leaf photosyn- 
thesis will be discussed below. 

It is worth noting here, that animals can com- 
monly compensate for low oxygen partial pressure 
to some extent by enhanced ventilation, but this is 
not true in all cases. For example, bird embryos 
inside eggshells (an analog to the porous leaf 
epidermis) depend on molecular diffusion just as 
leaves do. Interestingly, shells have been found to 
become more porous as the altitude of nesting 
habitats increases, which was explained as a diffu- 
sional adaptation to reduced oxygen partial pres- 
sure (Rahn et al. 1977; Rahn and Paganelli 1982). 
If this is a causal rather than coincidental link to 
pressure, there would be no reason for such adjust- 
ment, if enhanced molecular diffusion did fully 
compensate the drop in partial pressure of O 2 . 

A screening for photosynthetic responses to 
CO 2 of over 20 comparable lowland and alpine 
herbaceous species revealed that alpine species 
have a similar mean Acap when measured at their 
local CO 2 partial pressure. When measured in situ 
at equal partial pressure (in gas controlled leaf 
chambers, see color Plate 4 at the end of the book), 
alpine plants were almost always superior (mean 
Acap +20% at the 2600 m experimental site; Korner 
and Diemer 1987, Korner and Pelaez-Menendez 
Riedl 1989; Fig. 11.2), a trend already noted by 
Henrici (1918) from comparing rates among her 
alpine and lowland transplants. Little or no short- 
term acclimation of photosynthesis to altered CO 2 
partial pressure had been observed in manipula- 
tive experiments (Mooney et al. 1966; K5rner and 
Diemer 1994). Decker (1959) grew clones of sub- 




internal partial pressure of CO2 (|ibar) 

Fig. 11.2. Summary of responses of the rate of 
photosynthesis to intercellular partial pressure of CO 2 in 
groups of alpine (2600 m) and lowland (600 m) herbaceous 
plant species (see color Plate 4e,f at the end of the book). 
Arrows point at rates of photosynthersis (and SE) at the 
respective local intercellular partial pressures. (From data in 
Korner and Diemer 1987; Korner and Pelaez-Menendez 
Riedl 1989) 



alpine and lowland Mimulus in a low altitude 
greenhouse and did not detect origin specific CO 2 - 
responses. 

Equal A at lower C02-pressure or higher A at 
equal C02-pressure in alpine as compared with 
lowland plants indicates that their specific capa- 
city to fix CO 2 must be higher than in lowland 
species. What explains this higher photosynthetic 
efficiency of CO 2 utilization (ECU) per unit leaf 
area? The primary reason is the construction of 
the leaf mesophyll. On average alpine forbs pro- 
duce one additional layer of palisade cells (2-3 as 
compared with 1-2 at low altitude) and thus, have 
thicker leaves (Fig. 1 1.3, Wagner 1892; K5rner et al. 
1989a). This would already suffice to facilitate 
higher Acap if cells were equally well equipped with 
photosynthetic enzymes. However, as was shown 
in Chapter 10, alpine plants also tend to have 
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Low altitude (600 m) Alpine (> 3000 m) 




S = 148 



Fig. 11.3. Summary of quantitative leaf anatomy of alpine 
and lowland taxa of herbaceous plants in the Alps. S 
Stomatal density (nmm“^; see also Chap. 9), VI intercellular 
air volume (% of total leaf volume), Am/ A ratio of mesophyll 
cell surface area exposed to intercellular spaces/projected 
leaf area (m^m~^), all other dimensions in jam. Means for 18 
to 23 species from 580-700 m altitude and 24 to 27 species 
from 2650-3250 (mostly 3000) m altitude. Asterisks in the 
high altitude diagram indicate statistical significance of 
altitudinal differences; no asterisk means not significant. 
(Korner et al. 1989a) 



higher concentrations of N per unit dry matter 
than lowland plants. Leaf N is effectively propor- 
tional to leaf protein of which at least half is 
involved in photosynthesis. The combination of 
greater mesophyll thickness and higher tissue N 
concentration, causes the amount of protein per 
unit leaf area to increase with altitude even more 
than per unit dry mass (see also Chap. 10). 

While greater leaf thickness plus greater leaf 
protein concentration are plausible explanations 
of higher rates of photosynthesis at an equal 
partial pressure of CO 2 , these differences must not 
be seen as a direct response to the elevational 
reduction in CO 2 pressure. There are other poten- 



tial reasons for such changes in leaf characteris- 
tics. Surprised by the similar rates of assimilation 
of his high and low altitude Mimulus clones 
exposed to elevated CO 2 , Decker (1959) concluded 
that he had missed the “right” climate in his green- 
house for inducing altitude specific responses. Low 
temperature alone tends to induce greater leaf 
thickness and to increase leaf N concentration, 
independently of altitude (Korner et al. 1989a; 
Morecroft and Woodward 1996; see Chaps. 10 and 
12), and the slightly higher frequency of hours 
with very high solar radiation in some mountains, 
plus reduced mutual shading in canopies both 
favor greater leaf thickness (see discussions in 
Korner et al. 1983, 1991). The higher leaf diffusive 
conductances (and stomatal densities) at high 
altitudes (Chap. 9), which parallel trends in pho- 
tosynthesis (but see below), may also have to do 
with greater leaf thickness, because there is a 
greater amount of photosynthesizing tissue to be 
supplied. 

Does stomatal conductance increase with the 
altitudinal increase in photosynthetic machinery 
per unit leaf area so that the ratio between inter- 
cellular versus ambient CO 2 pressure remains con- 
stant? Gas exchange analysis says no (Korner and 
Diemer 1987). As can be calculated from parallel 
measurements of leaf transpiration and CO 2 
assimilation under fully controled atmospheric 
conditions in a special leaf cuvette (see color Plate 
4 at the end of the book), the CO 2 partial pressure 
at the cell surface drops more with altitude than 
the external partial pressure. This means that the 
balance of the contribution to total uptake resis- 
tance of CO 2 is shifted towards greater diffusional 
limitation. The biochemical limitation is reduced, 
hence the mesophyll itself becomes a more 
efficient CO 2 sink, its demand for CO 2 exceeds 
stomatal supply rates and the intercellular 
partial pressure drops faster with altitude than the 
ambient one. The greater efficiency of CO 2 uptake 
(ECU) finds expression in a steeper initial slope of 
the plot of photosynthesis versus intercellular CO 2 
partial pressure (such curves are obtained by 
supplying leaves stepwise with different CO 2 - 
concentrations; Fig. 11.2). 
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The observations summarized above are from 
the central Alps and may represent a very local 
phenomenon. Since such measurements are very 
laborious and require the operation of high-tech 
equipment in remote places, it is difficult to obtain 
sufficient replication on a global scale for test- 
ing whether these patterns represent a globally 
valid principle. Fortunately, a very elegant indirect 
method exists for a large scale extrapolation - the 
use of natural carbon isotopes discrimination. 

Confirmed theory tells us that CO2 containing 
the heavier isotope (ca. 1% of all CO2 in the 
atmosphere) diffuses slightly slower than ^^C02, 
hence arrives with a 4.4%o decreased probability 
at the wet surface of cells. Rubisco has been shown 
to discriminate further against ^^€62 (27%o lower 
chance of binding). Re-fixation of respired CO2 
within the leaf also contributes to the effect. As a 
consequence, plant tissue contains less than is 
found in the atmosphere and this is convention- 
ally expressed as a sample’s value, which is 
always negative. Compared with a limestone stan- 
dard, the atmosphere is also ^^C depleted, and its 
5^^C is ca. -8%o. Since diffusion discriminates less 
than carboxylation, the actual 8^^C value of a tissue 
reflects the balance between these two major dis- 
criminating processes. 8^^C of photo-assimilates in 
a leaf with no epidermis (no diffusional barrier) 
would reflect the pure biochemical effect, and thus 
would be very “negative” (ca. -35%o). A leaf with 
only diffusional discrimination and no biochemi- 
cal discrimination (as is the case in plants using 
the C4-pathway) would have much less negative 
values (ca. -12%o, i.e. only ca. 4%o less than in free 
air). Equations have been developed by Farquhar 
and Richards (1984) which permit the calculation 
of the degree of intercellular depletion of CO2 
partial pressure from tissue 8^^C which has been 
determined in a mass spectrometer. 

Applying this concept to alpine plants from 
many parts of the world did indeed confirm a 
more general validity of the above mentioned gas 
exchange data in the Alps. Plants from high alti- 
tudes discriminate less against as long as com- 
parisons exclude moisture gradients (Fig. 11.4). 



Despite increasing stbmatal conductance with alti- 
tude, stomata appear to become more limiting in 
relative terms as compared with carboxylation 
(thereby also their relative influence on overall 
discrimination also increases), because ECU 
increases even more. On average, increases 
(becomes less negative) by 1.2%o per 1000 m of 
altitude. Thus, high elevation plants do fix carbon 
more efficiently per unit leaf area than lowland 
plants throughout the world’s mountain ranges. 

It is essential for such studies (though often 
confused in the literature) that no drought gradi- 
ent is associated with altitude, because drought 
induced reductions of stomatal conductance 
would create a similar effect. While it was explici- 
tly stated that the data presented in Fig. 11.4 are 
for regions without significant moisture shortage 
(if there was one, it was at low altitude, which 
would rather reverse the trend), the “alpine 
drought” argument has been stressed as a possible 
explanation for the trend in Fig. 11.4 (Terashima 
et al. 1995; see chapter 9 for alpine plant water rela- 
tions), but there is no substance to support this 
argument (see also Chap. 9). 

Another alternative explanation is plant 
stature. Friend and Woodward (1990) have plau- 




Fig. 11.4. Frequency distribution of in two altitudinally 
distinct groups of plant species of diverse life forms. Left 
Samples from altitudes between 50 to 900 m, mostly lower 
than 300 m; right, all samples collected at altitudes above 
2500 m (up to 5600 m). (Korner et al. 1988) 
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sibly argued that the altitudinal increase in 
could result from increasing aerodynamic resis- 
tance to gas diffusion (a greater contribution of 
the less discriminating diffusion path) as plant 
canopies become shorter and more compact. Data 
available to date do not support this hypothesis 
either. Upright, aero dynamically well coupled high 
altitude species of shrubs, tall forbs, and treeline 
trees all match the overall pattern (K5rner et al. 
1988). A comparison of protruding, tall versus 
prostrate, extremely compact species revealed no 
difference in (Table 11.1). 

One could also turn the argument around and 
assume that, because of greater aerodynamic 
resistance in low stature plant canopies, CO 2 dif- 
fusion from the soil to the free atmosphere should 
be slower. As a consequence, heavily depleted 
respiratory CO 2 could contribute more to photo- 
synthesis than in vegetation with less volume 
density of leaf area at low elevation (more nega- 
tive 8^^C in such compact life forms). Surprising- 
ly, this effect seems to be very small. Measured in 
leaves in the core of the most compact plant cush- 
ions found in the Alps, 8^^C was only -0.76%o 
(±l%o, n = 5 species) lower than in adjacent fully 
exposed leaves of these individuals. This suggests 
that soil derived CO 2 contributes less than a mean 
of 5% to CO 2 assimilation of plants of this special 
life form (unpublished data). In less compact life 
forms the contribution will be negligible, and 
hence 8^^C will be unaffected. 



Thus, the most plausible explanation of these 
global altitudinal trends of 8^^C are enhanced 
efficiency of CO 2 uptake at high elevation (reduced 
ratio of internal versus external C02-concentra- 
tion) as obtained by leaf gas exchange measure- 
ments (Fig. 1 1.2). From a comparison of altitudinal 
and latitudinal transects of tissue 8^^C by Korner 
et al. (1991) and from growth chamber experi- 
ments with Nardus, Vaccinium and Alchemilla 
(Friend et al. 1989; Morecroft and Woodward 1990, 
1996), it became apparent that effects of low tem- 
perature play an important role. Radiation has no 
influence, since data for New Guinea, which were 
included in this survey, did not differ from other 
regions, despite the fact that solar radiation drops 
to one third of lowland values at alpine altitudes 
in this region. This data set was later comple- 
mented and confirmed by soil carbon analysis 
by Bird et al. (1994). Humus 8^^C represents a 
long-term and spatial integral of discrimina- 
tion by plants. As illustrated by Fig. 11.5, soil 
and plant data for C3-vegetation in New Guinea 
show remarkably similar trends, adding weight 
to the suggestion that the worldwide elevational 
increase in 8^^C is unrelated to the plant’s 
radiation regime. 

There is substantial scatter in the plant data 
shown in Figures 1 1.4 and 1 1.5. This is very typical 
and reflects strong species-specific variations in 
8^^C. K5rner et al. (1991) concluded that a range of 
4%o is to be expected within a single community 



Table 11.1. A comparison of in 
alpine plants from 2500 m altitude in 
Alps, selected by plant stature. Note 
that there are no differences between 
prostrate and taller species (R. Sieg- 
wolf and Ch. Korner, unpubl.) 



Leaf canopy height 
above ground (mm) 


Plant life form 


8''C (%o) 


(a) 1-5 


fiat cushions 


-26.38+ 1.10 (n = 8) 


(b) 5-20 


small rosettes, creepers 


-26.00 ± 1.30 (n = 5) 


(c) 150-500 


tall forbs, shrubs 


-26.66 ± 0.88 (n = 5) 



(a) Androsace alpina, Loiseleuria procumbenSy Minuartia sedoidesy Salix serpyllifolia 
(flat), Saxifraga bryoideSy S. muscoidesy S. oppositifoliay Silene acaulis (flat); (b) 
Cerastium uniflorurriy Linaria alpinUy Salix serpyllifolia (protruding), Saxifraga 
paniculatay Silene acaulis (protruding); (c) Adenostyles leucophyllay Geum reptans 
(tall individual), Gnaphalium norwegicuruy Rumex alpinuSy Salix glaucosericea. 




178 11 Uptake and loss of carbon 




513C (%o) 



Fig. 11.5. The effect of altitude on soil humus and plant 
carbon isotope composition (6^^C) in C3 vegetation of New 
Guinea. The regression line plus 95% confidence limits 
(shaded) are for the plant data only. (Plant data by Korner 
et al. 1988; soil data by Bird et al. 1994) 



of C3 plant species. In fact, the range among the 18 
new species analyzed for Table 11.1 was -24.87 to 
-28.68%o, i.e. again ca. 4%o, which indicates that 
only broad sampling or the use of soil data can 
produce habitat- or community-specific signals. 
Unreplicated data from three species of Ranuncu- 
lus found growing next to each other at medium 
altitude, but belonging to altitudinally distinct 
floras indicated that there is also a strong eco- 
typic component in 5^^C, further suggesting that 
direct pressure effects are not so important 
(Korner et al. 1991). 

There is little evidence that (in addition to a 
thicker mesophyll) the biochemical capacity to fix 
CO 2 is enhanced at high altitude. While Rubisco in 
leaves of the tropical-alpine giant rosette species 
Espeletia schultzii was found to be more active in 
populations from 4200 m altitude compared with 
those from 3100 or 3550 m altitude in Venezuela 



(Castrillo 1995; in line with Baruch’s 1979 obser- 
vation for Acap), no significant differences in either 
concentration or activity of Rubisco were found 
between alpine and lowland grassland species in 
the Alps by Sage et al. (1997). All other published 
data for Rubisco are from transplants or green- 
house grown plant material (see genotypic effects 
below). 

Leaf chlorophyll concentrations tend to be 
lower or similar, but never higher in alpine 
versus comparable lowland plants (e.g. Henrici 
1918; Seybold and Egle 1940; Mooney and Billings 
1961; Todaria et al. 1980; Voznesenskaya 1996), 
despite numbers of chloroplasts per cell being 
shown to increase with altitude (Miroslavov and 
Kravkina 1991). Bergweiler (1987) isolated thyla- 
coids from chloroplasts in a series of alpine plants 
and found twice as many reaction centers for 
photosystem II. Chlorophyll a to b ratios are 
commonly higher in alpine than lowland plants 
(Seybold and Egle 1940, Bergweiler 1987). Accord- 
ing to Bergweiler, a/b ratios in alpine forbs range 
from 4.2-5.3 as compared with 3.6-4. 1 in lowland 
forbs, and carotenoids increase with altitude. All 
these characteristics are typical for plants from 
high radiation habitats, despite the fact that more 
frequent cloudiness often dampens the overall 
radiation doses in high mountains (see Chap. 3). 

Which of the above discussed phenomena are 
phenotypic, which genotypic? While Bonnier 
(1895, later extended by Combes 1910) concluded 
from his classical transplant experiments that all 
morphological traits (including leaf structure) are 
fully acclimative, i.e. phenotypic, a series of later 
experiments illustrated that some physiological 
and anatomical differences between alpine and 
lowland leaves are retained when plants are grown 
under common conditions, hence, are ecotypic 
traits (review by Hiesey and Milner 1965). Henrici 
(1918) found that alpine forbs when grown togeth- 
er with con-generic lowland forbs had higher rates 
of photosynthesis. Similarly, Mooney and Billings 
(1961) reported higher Acap for alpine compared 
with arctic provenances of Oxyria digyna. Alpine 
provenances of Trifolium repens retained higher 
Acap than their low altitude relatives in Machler 
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and Nosberger’s (1977) growth cabinet studies, 
and Woodward (1986) and Morecroft and Wood- 
ward (1996) compared Scottish altitudinal prove- 
nances of Vaccinium myrtillus and Alchemilla 
alpina and found some of the trends observed in 
the field were retained under controlled condi- 
tions. Higher A^ap also occurred in high versus low 
altitude populations of Californian Achillea lanu- 
losa by Gurevitch (1992), a species whose prove- 
nances stood at the beginning of experimental 
testing of genotypic differentiation among altitu- 
dinal races (Clausen et al. 1948). However, there 
are also few examples where results of transplan- 
tation experiments did not match with these 
trends and showed either no (Decker 1959) or 
even reverse (Shibata et al. 1975) effects. In the 
latter case, high altitude provenances may have 
suffered from excessively high growth tempera- 
tures at low altitude. 

No conclusive picture of genotypic traits at 
chloroplast level has emerged so far. Tieszen and 
Bonde (1967) reported lower chlorophyll concen- 
trations in alpine versus arctic Deschampsia 
caespitosa and Trisetum spicatum grown in a com- 
mon greenhouse, matching the observations by 
Mooney and Billings (1961) in Oxyria and by 
Mooney and Johnson for Thalictrum, hut they also 
noted exceptions. Chabot et al. (1972) found no 
difference in Rubisco activity between arctic and 
alpine populations of Oxyria digyna as long as 
both grew in a cold room. Under warm conditions, 
alpine but not arctic provenances quickly lost 
activity, the reasons for which are not clear. Oulton 
et al. (1979) also found no significant differences 
in Rubisco activity in Taraxacum officinale geno- 
types from contrasting altitudes, but May and Vil- 
larreal (1974) had observed higher Hill reaction 
rates in the highest provenaces of this species as 
long as experimental temperatures were 25 °C or 
lower. At 35 °C the trend was sharply reversed. 
Pandey et al. (1984) collected Himalayan alpine 
Selinum vaginatum and grew plants in pots at 3600 
and 350 m altitude. Rubisco activity was higher in 
the high altitude group, because, when exposed to 
the hot lowland climate, part of the Rubisco activ- 
ity was replaced by PEP-carboxylase activity. 



The fundamental problem with most of these 
provenance and transplant tests is the use of one 
common growth condition for plants taken from 
environments which differ. Most commonly these 
growth conditions are closer to those which 
lowland plants are adapted to, a treatment provid- 
ing rather unequal (and not as assumed equal) 
opportunities for populations with contrasting 
environmental preferences. Hardly any of these 
controlled environment studies have used a fully 
reciprocal treatment design or at least growth 
temperatures in-between the test plant’s original 
thermal environments. Which provenance will 
benefit and which will suffer, may largely depend 
on the selected common growth condition. With 
respect to temperature, the dilemma was avoided 
only in the classical alpine/arctic tests by Mooney 
and Billings (1961) and those by Tieszen and 
Bonde (1967), by comparing provenances from 
contrasting altitude but from similar thermal 
backgrounds. But in their case, the different radi- 
ation regimes of arctic and temperate-alpine lati- 
tudes interfered with the altitudinal comparison. 

Though this problem cannot be resolved, the 
above examples for intact leaves suggest that eco- 
typic differentiation toward higher Acap in alpine 
compared with low altitude populations does 
exist. It seems to be primarily associated with dif- 
ferences in leaf anatomy, and not with contrasting 
biochemistry. Leaf thickness, for example, remains 
higher in alpine Ranunculus glacialis than in lower 
altitude Ranunculus nemorosus irrespective of 
common growth temperatures, but in eight out 
of nine species, lower growth temperatures also 
created thicker leaves in both low and high altitude 
species, illustrating that there is also an important 
phenotypic anatomical component which can 
influence A^ap (K5rner et al. 1989a). The inconsis- 
tency of biochemical data may have to do with a 
reference problem. It is difficult to separate trends 
in certain components or processes from re- 
sponses of the reference itself (dry weight, fresh 
weight, area, chlorophyll etc.). This problem has 
first been noticed and discussed by Bonnier 
(1890b) and later by Billings and Mooney (1968), 
but has received insufficient attention. 
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Photosynthetic responses to the 
environment 

Photosynthetic “capacity” refers to the most favor- 
able life conditions. What are these, and how does 
photosynthesis in alpine plants respond to less 
favorable conditions? What are the main determi- 
nants of actual net photosynthesis in the field? In 
essence, the key points have been known since 
Henrici (1918) published her results. As confirmed 
many times since (e.g. Cartellieri 1940; Scott and 
Billings 1964; Moser et al. 1977; K5rner and 
Diemer 1987), the major limitation of alpine plant 
photosynthesis is the photosynthetically active 
quantum flux density (QFD, 400-700 nm). In 
reality, temperature is relatively unimportant (in 
the sense of “non-limiting”) during the growing 
season. The simple explanation is a combination 
of physiological thermal acclimation, and the fact 
that leaf temperatures are commonly not cold 
when the sun is out (see Chap. 4). Hence, thermal 
limitation of photosynthesis is largely restricted to 
low QFD situations, during which carbon gain is 
already restricted by light. 

Thermal acclimation of photosynthesis in 
alpine plants can be characterized by five points. 

• The temperature optimum of photosynthesis is 
adjusted to prevailing leaf temperatures during 
periods of high QFD, which permits maximal 
carbon gain. 

• The photosynthetic temperature response curve 
is very wide, so that photosynthesis operates at 
95% of maximum rates over a range of ca. 8K. 

• The temperature optimum of photosynthesis 
shifts with QFD so that the optimum is at low 
temperatures when QFD is low and at high tem- 
peratures when QFD is high (Fig. 11.6), as is 
known for non-alpine plants as well. 

• Re-adjustments of the temperature optimum to 
prevailing temperatures is relatively fast ( 1 to a 
few days). 

• Cold nights with subfreezing temperatures 
down to -3 to -6 °C do not affect Acap* 

As can be seen from Fig. 11.6, the temperature 
optimum of A in Carex curvula is almost identical 




Fig. 11.6. The temperature response of leaf photosynthesis 
in alpine plants at different QFD. A For Carex curvula at 
2300 m altitude in the central Alps. The line crossing these 
responses is a micro-meteorological correlation. It indicates 
the actual combinations of QFD and leaf temperature 
occurring during the 3 months growing season. At QFD 
>75% of the mean maximum, the line matches the 
temperature optimum of photosynthesis, but actual leaf 
temperatures are much lower than the optimum ones for 
photosynthesis when QFD is low. For example at 
100 jimolm“^s“* QFD (5% of maximum), CO 2 fixation 
actually found in the field will only be 40% of that which 
would have occurred if the leaf temperature were 14 °C (the 
optimum temperature at this QFD) instead of 3.5 °C. (Korner 
1982). B As above but for Ranunculus glacialis from plants 
originating from 3150m altitude and grown at the treeline. 
(Moser et al. 1977) 
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to the mean leaf temperature measured when QFD 
reaches 75% of its mean maximum at this alpine 
site. Thermal limitation of C02-fixation is really 
limited to low QFD periods, as indicated by the 
percentages in the diagram. An optimum temper- 
ature of 22 °C for A at saturating QFD is quite 
typical for alpine plants, and optima as high as 
27 °C have been measured in situ (Korner and 
Diemer 1987). Unfortunately, it is a persistent 
belief that alpine heliophytes have much lower 
temperature optima than comparable low altitude 
plants (Todaria 1988). Only plants from shade 
habitats may have optima as low as 12-16°C, a 
range also typical of arctic plants or treeline 
conifers, which are better coupled to the cool air 
(Pisek et al. 1973; see also Chap. 7). L5sch (1994) 
also reports a relatively low optimum temperature 
for photosynthesis of only 17 °C for seedlings of 
the giant rosette Echium wildbretii from the alpine 
zone of Tenerife, perhaps reflecting major vegeta- 
tive activities during cooler periods in this high 
altitude semi-arid desert. In sunny habitats the 
temperature optima of A in alpine plants are not 
very different (ca. 2-4 K lower) to comparable 
plants at low altitude in mesic regions of the tem- 
perate zone. This holds for plants growing in the 
field under bright weather conditions. Under pro- 
longed cool and overcast weather, plants adjust 
their photosynthetic temperature response within 
1 or a few days, as many growth cabinet studies 
have illustrated (see reviews by Billings and 
Mooney 1968; Pisek et al. 1973). 

Thermal acclimation of A to low temperatures 
primarily results from changes in the photo- 
synthetic apparatus itself and is associated with 
electron transport in the thylacoid membrane, 
photosystem II in particular (Mawson and 
Cummins 1989). Acclimation studies by these 
authors with the arctic-alpine Saxifraga cernua 
revealed that the optimum temperature for whole 
chain electron transport shifted from 10 to 25 °C 
when plants were grown in 20 instead of 10 °C. 
Measured at 10 °C, electron transport rates by thy- 
lacoids which had developed under 10 °C was 4.2 
times larger than rates at 20 °C grown plants. These 
adjustments do not appear to require major struc- 



tural changes in the protein-chlorophyll complex- 
es but seem to result from what these authors call 
“interactive changes between thylacoid compart- 
ments”, which can happen fast. 

The minimum temperature for positive net 
photosynthesis in alpine plants commonly coin- 
cides with the temperature at which leaves freeze 
or start to show damage. During the growing 
season this is commonly between -2 and -6°C 
(Fig. 11.7). Ice formation in the intercellular space 
is thought to impair gas diffusion and dehydrate 
the protoplast so that net photosynthesis ceases 
(see Chap. 8). When temperatures rise during the 
morning following a night with freezing tempera- 
tures intercellular ice melts and intercellular 
spaces infiltrate with water. Combined with stom- 
atal closure, as is illustrated in Fig. 11.8, photo- 
synthesis will recover only once this water is re- 
absorbed, and gas diffusion is re-established, 
which may take several hours. 

Alpine plants reach at least 20, often 30% of Acap 
at 0°C,if QFD is saturating, which is the case under 
less than 10% of full midday sunlight intensity at 
such temperatures. It was shown by Henrici (1921) 
that night temperatures as low as -6 to -8 °C may 
have no negative aftereffect on photosynthesis 
during the following morning, which is similar to 
what Blagowestschenski (1935) reported for alpine 
plants at 3800 to 4700 m altitude in the Pamir 
Mountains. Snow tussock in New Zealand 
{Chionochloa sp.) was also found to exhibit full 
photosynthetic capacity shortly after switching 
from a -4°C pre-treatment to warm conditions 
(Mark 1975). The low temperature limit of photo- 
synthesis in lichens is even lower, -11°C, repre- 
senting a conservative estimate for many species 
(e.g. Stereocaulon alpinum and Cladonia alcicor- 
nis)y but Peltigera subcanina, for instance, had no 
apparent CO 2 fixation below -2.3 °C (Lange and 
Metzner 1965). In summary, low temperatures 
have surprisingly little effect on alpine plant 
photosynthesis. 

High temperature limits of photosynthesis in 
alpine plants commonly vary between 38 and 
47 °C (Fig. 11.7), temperatures which may occur 
locally at ground level during dry periods with 
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Low temperature limits High temperature limits 

-lO'^ -8^ -6“ -4° -2^ OX 38^^ 40"^ 42^ 44" 46" 48" 50° 52°C 

Arctostaphytos uva-ursi 
Ranunculus glacialis 
Loiseleuha proca/T7i?ens 
Carex firma 
Oxyiia digyna 
Saxifraga oppositifolia 
Senecio incanus 
Soldanelfa pusilla 
Primula minima 
Vaccinium myrtillas 
Geum reptans 

Picea abies 
Citrus limonensis 



Fig. 11.7. The minimum and maximum temperatures at which positive net photosynthesis occurs in alpine plants and, for 
comparison, in a treeline and a Mediterranean tree species. Black bars indicate the endpoints of photosynthesis. Light shaded 
areas to the left and right mark leaf temperatures at which 50% damage occurs, dark areas mark 100% damage. Star-stripes 
indicate the temperature range at which intercellular freezing commences. (Larcher and Wagner 1976, Pisek et al. 1973) 
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Fig. 11.8. The in situ response of stomata after a 
midsummer night frost of <-2.4 °C in Loiseleuria 
procumbens (like other Ericaceae, showing pronounced 
infiltration of intercellular spaces, see Fig. 8.5) and Carex 
curvula (not infiltrating) at 2300 m altitude in the eastern 
Alps. Note stomata open as infiltration resolves. (K5rner 
1977) 



Strong radiation (Chap. 4). Larcher and Wagner 
(1983) measured leaf temperatures in Semper- 
vivum montanum at noon up to 52 °C, just short of 
heat damage, and causing respiratory losses to 
exceed CO 2 uptake. Although such extreme situa- 
tions are very rare, 40 °C may be reached in 
this species on any clear day during the growing 
season (7% of all days). Seedlings on surface- 
dry, sun exposed ground will regularly experience 
such high temperatures, constraining their carbon 
balance. High temperature limits of photosynthe- 
sis in seedlings of alpine species on Tenerife 
(Canary Islands) are between 35 {Echium sp.) 
and 45 to 48 °C {Erysimum sp.; Losch 1994). 

Light requirements for Acap are comparatively 
high in alpine plants, and range from 500|iimol 
m"^ in ‘‘shade” adapted alpine species such as 
Oxyria digyna to >2000|LLmolm“^s”^ with a mean 
of 1200)Limolm”^s~^ for various species (95% of 
saturating QFD; K5rner and Diemer 1987). This 
high light requirement explains why A was found 
by many authors to closely follow QFD during the 
day (e.g. Cartellieri 1940; Billings et al. 1966; Fig. 
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11.12). Some alpine species do not saturate even at 
full midday sun and continue to increase A up to 
3000|imolm"^s"^ Ranunculus glacialis, Ligus- 
ticum mutellina), conditions which may occur 
when direct midday sun is combined with diffuse 
radiation from thin, bright clouds (K5rner and 
Diemer 1987; Terashima et al. 1993; see chapter 3). 
The ability to utilize such extremely high QFD 
(corresponding to the solar constant) may assist 
alpine plants to avoid photo-damage. In addition, 
alpine plants exhibit greater protection by acces- 
sory pigments and antioxidants, which may facili- 
tate the maintenance of high photosynthetic 
activities at high irradiation (Wildi and Liitz 1996; 
Fig. 11.9). 

The light climate a leaf experiences strongly 
depends in its shoot morphology and the leaf 
angle, which are thus co-determinants of leaf pho- 
tosynthesis. Across all variants of shoot morphol- 
ogy, four principal modes of leaf display may 
be distinguished in alpine plants: steep cylinders 
(e.g. tussock grasses), horizontal leaves (e.g. flat, 
disk-type rosettes), dome-shaped rosettes which 
combine all possible leaf inclination angles in a 
regular order in one shoot (e.g. giant rosettes, 
many cushion plants), and last, optically irregular 
structures with a mix of leaf angles of varying, 
but commonly not random inclination (e.g. dwarf 
shrubs). While all four of these morphotypes 
are well represented in the tropics, the abundance 
of flat structures declines with latitude. These 
leaf angles interact with the diurnal, seasonal 
and latitudinal variation of solar angles, but 
become irrelevant under diffuse radiation, par- 
ticularly under dense cloud cover, in fog and under 
snow. 

In the case of Carex, a simple geometric model 
for 47°N lat showed that the rates of photosynthe- 
sis on clear days in naturally positioned leaves 
would not differ from those for strictly vertical 
leaves. However, the photosynthetic gain would be 
very different (less) in horizontal leaves (Korner 
1982). At medium to high latitudes, steeper leaf 
inclination causes light interception during the 
day to vary less, as long as leaves are sufficiently 
widely spaced. In contrast, leaves of rosette plants. 
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Fig. 11.9. Contributions of ascorbic acid, tocopherol, 
glutathione and 6-carotene to the total amount of 
antioxidants in alpine plant species from a site just below the 
treeline (2000 m) and at 3000 m in the central Alps. Note the 
massive overall increase in antioxidants with altitude, despite 
a very species specific composition of the antioxidant pool. 
(Wildi and Liitz 1996) 
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both flat and dome-shaped ones, experience 
rather variable diurnal light interception, with the 
most extreme variation reported for tropical giant 
rosettes, in which some leaves are fully shaded 
while others receive maximum QFD. As a conse- 
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quence, each leaf exhibits its own very specific 
diurnal course of photosynthesis, as was docu- 
mented by Schulze et al. (1985) and Goldstein et al. 
(1989). 

Light compensation points of photosynthesis 
in alpine plants are similar to lowland heliophytes 
(when measured in the field) and show the gener- 
ally known decrease with decreasing temperature 
(Fig. 11.10). Since temperatures are much lower 
at high than at low altitude when radiation 
approaches zero, the light driven cessation of posi- 
tive net photosynthesis will commonly occur at 
lower QFD than at low altitude (<20 [imol photons 
m~^ s"0- 

Direct effects on photosynthesis by climatic 
drivers other than temperature and QFD are prob- 
ably small in most alpine regions. As was discussed 




Quantum flux density (pmol s'^) 

Fig. 11.10. The interactive effect of temperature and QFD on 
photosynthesis exemplified by data for the arctic-alpine 
lichen Cetraria nivalis in north Sweden. Because of the 
variable contribution of the fungus partner to dry mass, 
rates are expressed per unit of chlorophyll. Note, the 
increasing light demand for saturation of A as temperatures 
increase, which is complementary to Fig. 11.6. (Kappen et al. 
1995) 



in Chapter 9, physiologically effective drought 
stress is rare in alpine plants but moisture short- 
age can become effective indirectly via a periodic 
interruption of topsoil nutrient cycling and thus 
plant nutrition. In line with this assumption, 
Enquist and Ebersole (1994) found no direct mid- 
season effects of water addition on photosynthe- 
sis or relevant water relations parameters in 
Bistorta vivipara at 3800 m altitude in the Rocky 
Mountains. Since leaf nutrient concentrations 
have little explanatory value for the plant supply 
status, and since high A was associated with low 
water potential in their study, as it should (as 
long as no negative feedbacks develop) they could 
not understand, why their treatment prolonged 
photosynthetic activity at the end of the season. 
From current knowledge, effects on nutrient 
relations are the most likely explanation for such 
developmental changes (see the discussion of 
fertilizer trials with Vaccinium in Chap. 10). 
Bowman et al. (1995) also observed no effects of 
water addition on photosynthesis in a series of 
Rocky Mountains species in both wet and drained 
locations. 

Negative effects of reduced radiation on leaf 
photosynthesis can be lowered or even balanced 
by the positive effects of reduced radiative forcing 
on topsoil moisture, which in turn stimulates 
nutrient cycling and nutrient availability. A five 
year shading treatment in alpine grassland caused 
no reduction in plant biomass, but induced a 
pronounced softening of plant tissue, increased 
leafiness and ground cover, favored broad-leaved 
grasses (in terms of leaf area, not mass), reduced 
lichens, and halved the amount of peak season 
plant litter (Fig. 11.11), responses which were 
difficult to predict. Hence, moderate shading is 
not necessarily as negative for alpine plant growth 
as might be concluded from Figures 11.12 
and 11.13, which consider direct effects of 
radiation on photosynthesis only, but do not 
account for such indirect effects (see also below, 
effects of air humidity). Similarly, Michelsen et al. 
(1996b) observed no negative effect of long 
term shading on biomass of arctic-alpine plant 
communities. 
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Fig. 11.11. The influence of long-term canopy shading on 
plant biomass in a low stature (>6 cm), sedge dominated 
alpine grassland (Furka Pass, 2450 m, Swiss central Alps). An 
area of lOm^ of homogenous alpine heath were screened 
from direct solar radiation so that canopies received -22% 
(overcast) to -44% (clear sky) of unscreened radiation while 
air circulation (wind, humidity, air temperature) remained 
unchanged (peak season harvest after 5 years of treatment 
in 1995; data for n = 8 microplots of 1 dm^). The predicted 
negative effect on photosynthesis (and thus growth) appears 
to have been balanced by positive effects on soil conditions 
(surface moisture), causing biomass to remain unaffected, 
but necromass to be reduced through faster decompositon. 
(Unpubl) 



The possibility that more frequent leaf wetting 
by dew, rain or fog at high altitudes can affect pho- 
tosynthesis was examined by Brewer and Smith 
(1993). Under heavy dew they found photosynthe- 
sis of central Rocky Mountain plants to be reduced 
by 20%. Leaf pubescence in high altitude plants 
can prevent surface wetting (Brewer and Smith 
1997). In tropical Espeletia it is quite obvious that 
pubescence keeps the gas diffusion path open 
while plants are soaked with atmospheric mois- 
ture (see Chap. 9). 

Atmospheric humidity may indirectly in- 
fluence photosynthesis during clear and warm 
spells, because stomata have been shown to be sen- 
sitive to vapor pressure deficit (or its consequence, 
transpirational flux) both in the temperate-alpine 
(Johnson and Caldwell 1975; Korner 1976, 1980) 
and the tropical-alpine zone (Schulze et al. 1985; 



Goldstein et al. 1989), as was discussed in chapter 
9. However, at wide stomatal apertures, changes in 
stomatal conductance have little influence on pho- 
tosynthesis, and more substantial effects require 
vapor pressure deficits to increase above 15mbar, 
which does not happen very often at alpine alti- 
tudes. In laboratory experiments, L5sch (1994) 
found no influence of vpd on photosynthesis of 
Erysimum species from the alpine zone of the 
Canary Islands and the Cape Verde Islands, and 
very small effects in other typical high altitude 
species. Leaf pubescence (Goldstein et al. 1989) or 
dense leaf canopies with high aerodynamic resis- 
tance (Grabherr and Cernusca 1977; Korner 1976) 
buffer many alpine plants against such influences 
(see Chap. 9). It is interesting that Young and Smith 
(1983) observed very beneficial effects of mid- 
summer cloudiness on photosynthesis in Arnica 
latifolia, an understory forb close to the treeline in 
the Medicine Bow Mountains of Wyoming. Most 
likely these plants profited more from reduced 
vapor pressure deficit than they suffered from 
reduced QFD. Hence, under certain (continental) 
climatic conditions there seems to be a water rela- 
tions trade-off associated with high radiation. 

In summary, the photosynthetic responses dis- ■ 
cussed above illustrate that (during a given length 
of growing season) CO 2 uptake in alpine plants 
is mainly limited by QFD and much less by sub- 
optimal temperatures, which is similar to what is 
known from low altitudes. The pronounced helio- > 
phytic character of leaves in alpine plants in- 
clude genotypic characteristics. Under conditions 
where strong radiation affects topsoil moisture 
and thereby plant nutrient availability, plants may, / 
however, profit from moderate shade or relief 
effects which reduce insolation, despite the overall 
dominance of the QFD dependency of photosyn- 
thesis at leaf level. The indirect (negative) effects 
of strong insolation on top soil processes possibly 
explain why lush alpine vegetation is often found 
on north or east exposed slopes. There seem to - 
exist trade-offs between the photosynthetic 
demand for light energy and radiative forcing 
of evaporation, which can affect the nutrient 
cycle. 
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Daily carbon gain of leaves 

The photosynthetic responses discussed above 
translate into characteristic diurnal courses of CO 2 
uptake, of which one from the temperate zone for 
a typical cloudy day with rather variable light con- 
ditions is illustrated in Figure 11.12. The close cor- 
relation with QFD is so obvious because, under 
such weather conditions, QFD varies largely in the 
sensitive part of the light response curve. On clear 
days and in canopies with a low leaf area index 
(LAI 2 or less) and steep leaf inclination there is 
little change in A for most of the day, because 
leaves are light saturated from about 08:00 to 16:00 
hours (midsummer, 47°N lat). 

A rough estimate for the total daytime net CO 2 - 
uptake of such sedges is typically 120 mg CO 2 per 
g dry weight under such conditions. Cartellieri 
(1940) estimated 150mgg“^ for very active forbs. 
The mean for overcast days, as indicated by the 
dashed line in Fig. 11.12, is half this amount. In 
simple terms, CO 2 uptake on overcast days follows 
a triangular shape, compared with a trapezoid 
shape on clear days (Korner 1989c). 

The daily carbon gain of Carex curvula is 
typical for many alpine species, and illustrates that 



it takes about 14 cl€ar or 28 overcast days for such 
average alpine leaves to absorb as much C as is 
contained in their structures (conversion factor 
0.46 g C per g dry matter), numbers very similar to 
those which Cartellieri arrived at. Accounting for 
night-time respiratory losses (ca. 6-8% of daytime 
gains) and metabolic plus investment costs of leaf 
construction (about 0.6 g C per g leaf dry matter 
instead of 0.46; Chapin 1989) yields periods of 20 
to 40 days of clear and overcast weather for amor- 
tization (see next Sect.). Cartellieri (1940) plotted 
the daily leaf carbon gain against daily radiation 
sums for various measurement periods for Ranun- 
culus glacialis and Doronicum clusii (two species 
with high QFD requirements) and arrived at an 
almost linear relationship for most of the data 
range. 

The seasonal carbon gain of leaves 

Given the facts discussed above, modeling the 
combined effect of temperature and QFD is all 
that is needed to predict leaf photosynthesis in 
alpine plants in most cases. Utilizing the fre- 
quency distribution of QFD and leaf temperatures 
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Fig. 11.12. The diurnal course of leaf photosynthesis (A) in alpine plants under cloudy midsummer weather exemplified by 
data for Carex curvula (Hohe Tauern, Alps, 2300 m). Note the close correlation of A with quantum flux density (QFD). The 
dashed line indicates the almost triangular mean course of A for such conditions, compared with a plateau or trapezoid 
shape for clear days with twice the total carbon gain. (K5rner 1989c) 
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during an alpine season in the Alps it was possible 
to estimate the relative influence of QFD and tem- 
perature on the seasonal carbon gain of Carex 
curvula leaves (Fig. 11.13). Apart from the over- 
whelming influence of the length of the snow 
free period, it is obvious that clouds and mutual 
shading are far more important for seasonal 
CO 2 assimilation than temperature. Compared 
with a theoretical maximum carbon gain for a 
clear sky season and unlimiting temperatures 
(not accounting for any other potential con- 
straints), the realized carbon gain is reduced by 
40% due to insufficient leaf illumination and 
only by 7% due to suboptimal temperatures, as 
explained by the physiology of leaf gas exchange 
shown in Fig. 11.6. 

During the 1045 daylight hours of the active 
growing season of about 12 weeks (23% of 
the year), Carex leaves in this canopy absorbed 
about 7.8 g CO 2 per g active leaf dry weight 
(ca. 4.4 g C per g leaf C), 53% of the potential 
maximum capture, and 19% less than if no mutual 
shading in the canopy had occurred during 
the whole sea-son (LAI 2.3). The Carex model 
revealed that 172 hours or only 17% of all daylight 
hours (QFD > 1500[xmolm"^s“^) contributed 
34% of the seasonal yield, compared with 
26% of the yield produced during 607 hours 
with QFD < 750|Limolm“^s"\ Clearly, short 
periods with strong radiation were more 
important than the predominant periods with 
weak light. 

Utilizing a similar approach, but also account- 
ing for the dependency of A on leaf age, Diemer 
and Korner (1996) arrived at a seasonal C-fixation 
of about 5.4 g C per g leaf C for Ranunculus 
glacialis at 2600 m altitude in the Alps (Fig. 11.14). 
The full season leaf carbon balance for this 
species, which also accounts for night-time respi- 
ratory losses and for construction costs of leaves, 
yields a gain of 4.6 g C per g of C investment in 
leaves. Taken together, these two studies for alpine 
plants of sunny habitats and with very active 
leaves suggest that leaves fix four to 5 five times as 
much carbon as they ‘"cost” in terms of carbon. 
However, carbon gain ratios may be as low as 1.2 
gg”^ in plants growing in the shade of rocks, as was 
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Fig. 11.13. The limitation of CO 2 uptake in Carex curvula 
by light and temperature at its natural alpine habitat. The 
theoretical maximum seasonal photosynthetic yield under 
assumed optimum conditions of a fully illuminated leaf 
is taken as a 100% reference. The photosynthetic yield 
modeled for the 1976 season (using polynomals from Fig. 
11.6 and climate data) accounts, in a stepwise approach, for 
the less than optimal conditions in the real world. (Korner 
1982) 



estimated for individuals of Geum reptans at the 
same site. 

In the course of a season it took leaves of 
Ranunculus glacialis at 2600 m in the Alps 37 days 
from the time of emergence at snowmelt until leaf 
carbon investments were amortized (Fig. 11.14). 
For the above mentioned shade plants, 68 days 
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Fig. 11.14. The seasonal course of the leaf CO 2 balance (per unit leaf area) of Ranunculus glacialis at Mt. Glungezer, 2600 m, 
Tirol, Austria. The shaded part of the curve illustrates the period until the leaf has amortized its construction costs in terms 
of carbon. Oscillations of CO 2 assimilation largely reflect the seasonal course of cloudiness and short periods of snow cover. 
(Diemer and Kdrner 1996) 



were required, about half the leaf life span of ca. 
120 days. Comparative amortization periods for 
lowland forbs in meadows are around 20 days, 
which reflects the more favorable climate during 
early season leaf development and the lower con- 
struction costs per unit leaf area in lowland plants. 
The total amount of carbon lost by leaves from 
sunny habitats due to night-time respiration were 
6-8% of carbon uptake at high and 4 to 10% at 
low altitude (see below). No consistent difference 
between the net carbon gain per unit leaf area 
during the life span of leaves in three alpine and 
three lowland species occurred, and this was 
equally due to the leaves’ photosynthetic yield as 
to their respiratory losses (Diemer and Korner 
1996). Evidence from a sensitivity analysis of this 
model revealed that the primary determinant of a 
leaf’s carbon balance is its longevity, which does 
not differ significantly between alpine and lowland 
herbaceous species (see Chap. 13). 

Since a highly positive leaf carbon balance is 
necessary for the maintenance of root growth, root 
respiration and reproduction, these data illustrate 



why alpine plant life is impossible when mean 
season length is less than a month, and why 6-7 
weeks are the commonly observed limits in 
extreme snowbed habitats (see Chap. 5). One way 
of effectively utilizing such short season habitats is 
to reduce the carbon investment per unit leaf area 
(increase the protein concentration), exactly what 
has been observed at local as well as at the global 
scale (Chaps. 5 and 10). However, with seasons 
longer than that, alpine plants can acquire consid- 
erable more carbon than would be essential for 
survival. In fact, it appears that they can buffer con- 
siderable carbon losses due to herbivores with 
no negative consequences for vegetative vigor or 
reproduction even at highest elevations (Diemer 
1996). The common 10 to 12 week season for 
assimilation in high alpine vegetation of the 
temperate zone is sufficient to produce substantial 
carbon surpluses, and even greater yields might be 
expected in subtropical or tropical mountains were 
plants also invest more C per unit leaf area and per 
unit of leaf nitrogen (Chap. 10) and produce more 
than one leaf cohort per year (Chap. 12). 
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C4 and CAM photosynthesis at high 
altitudes 

The significance of plants using other than the C3- 
pathway of photosynthesis is low in the truly 
alpine life zone. Commonly, the C4 syndrome 
which involves a special leaf anatomy and PEP- 
carboxylase for CO 2 fixation, has an upper limit 
below or near the treeline. Tieszen et al. (1979) 
found no C4 grass above 3050 m on Mt. Kenya 
(Fig. 11.15) and Earnshaw et al. (1990) report the 
highest ranging C4 species for 3280 m in New 
Guinea (Miscanthus floridulus), Ruthsatz and 
Hofmann (1984), Geyger (1985) and Pyankov et al. 
(1992) describe C4 species for the dry subtropical 
mountains of northwest Argentina and central 
Asia at elevations up to 4200 m, and C4 annuals 
may be found as ruderals around 3000 m (i.e. 
below the treeline) in the Rocky Mountains of 
Utah and Colorado (e.g. Muehlenbergia montanUy 
Brown 1977). Altitudinal trends similar to those 
described by Tieszen et al. (1979) were reported by 
Cabido et al. (1997) for a transect in central 
Argentina (sites between 350 and 2100m). 
Bowman and Turner (1993), who also reviewed 
more recent literature on the occurrence of C4 
plants in cool climates, found clear genotypic dif- 
ferences in thermal sensitivity of gas exchange of 
altitudinally distinct populations of the C4 grass 
genus Bouteloua. As was mentioned earlier, the 
CO 2 binding enzyme PEP-carboxylase, which is 
characteristic for the C4 pathway, but occurs in C3 
plants as well, was found to decrease with altitude 
relative to Rubisco in the C3 species Selinum 
vaginatum in the Himalayas (Pandey et al. 1984), 
hence there also seems to exist an acclimative 
intraspecific trend against PEP-carboxylase activ- 
ity at high altitudes. 

In contrast to C4 species, the succulent CAM 
plants (utilizing “crassulacean acid metabolism”), 
are much more abundant in the alpine zone, but 
are restricted to specific microhabitats where C3 
species are excluded by drought or heat stress. 
CAM plants can fix CO 2 during the night by PEP- 
carboxylase, store it as malic acid in the vacuole 
(hence the succulence), and then engage the 
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Fig. 11.15. The percentage of grass species which are C4 or 
C3, along an altitudinal transect on Mt. Kenya. (Tieszen et al. 
1979) 



normal C3 pathway during the day for final reduc- 
tion, while stomata can remain closed, and thus 
save water. 

Some specialists such as species of the genera 
Sempervivum (Alps) and Echeveria (Andes and 
Mexico) have ranges which exceed the treeline 
substantially. Sempervivum montanum is found 
up to 3250 m altitude in the Alps, which is 1000 m 
above treeline (Larcher and Wagner 1983). A 
most important group of alpine CAM species are 
members of the Cactaceae family, which are rep- 
resented by many species in the high subtropical 
and tropical Andes at altitudes of up to 4300 m, 
perhaps even more (e.g. Tephrocactus sp., pers. 
obs. in northwest Argentina, see also Ruthsatz 
1977). While cacti seem to perform full CAM 
(see below and Chap. 9), Echeveria columbiana 
exhibits, in addition to pronounced night-time 
CO 2 fixation (up to 4.5|xmolm"^s“^; Medina and 
Delgado 1976), a small daytime fixation 
(maximum 0.3-1 |dmolm“^s"^). In Sempervivum 
montanum CAM is facultative and becomes less 
engaged when the environment gets cooler 
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(Wagner and Larcher 1981). At daytime tempera- 
tures < 10 °C (and high moisture) S. montanum 
behaves like a normal C3 plant. Still well supplied 
with water, but experiencing daytime tempera- 
tures of 15-25 °C weak CAM activity was ob- 
served, and the majority of CO 2 was still taken up 
during the day. Full CAM only occurred 
when plants were droughted and experienced 
very high temperatures during the day (50 °C is 
tolerated). This behavior allows plants to utilize 
both dry (and hot) midsummer conditions as well 
as moist (and cool) periods. The integral seasonal 
influence of CAM varies between sites, but seems 
to be significant in Tirol, and almost zero in the 
samples from the Swiss Alps (see Table 11.2 and 
Chap. 9). 

As was discussed earlier in this chapter, stable 
carbon isotopes discrimination of plant tissue, or 
its relative difference against a standard, 5^^C, 
permit us to assess the long-term significance of 
CAM for alpine plant C acquisition. Values for 5^^C 
between -12 and -14%o can be considered full 
CAM, values between -24 and -29%o suggest no 
CAM engagement. Within a random sample of 
various high alpine succulents, the spectrum 
ranges from -12%o in Tephrocactus to -28%o in 
arctic-alpine Radiola rosea, a succulent which 
obviously is not engaging CAM (Table 11.2). 
Numbers for Sempervivum range from -18 to 
-24.3%o, indicating moderate to small CAM 
engagement over the whole growing season, in 
line with what Wagner and Larcher (1981) charac- 
terized as “weak CAM”. Interestingly, the genus 
Sedum, with species in almost all alpine floras, 
covers a range from -23.2 to -27.1%o (mostly 
around 24%o) suggesting that CAM plays a 
negligible if any role in the truly alpine represen- 
tatives of this genus. These findings are in line with 
data largely (though not specified) from lower 
altitudes (500 m to the treeline) collected 
by Osmond et al. (1975; Table 11.2). These authors 
also tested a number of other species with succu- 
lent leaves such as seven species of Saxifraga 
(-25.5 ± 1.2%o), Pinguicula alpina and Linaria 
alpina (both -27.7%o), all non-CAM plants. 
Overall, these numbers illustrate comparatively 



low CAM activity in temperate zone alpine 
succulents. 

Tissue respiration of alpine plants 

Though equally important, much less is known 
about respiration (R) than about photosynthesis 
of alpine plants. While alpine photosynthesis in 
principle depends on all components of the 
climate, in reality it is really the light regime and 
leaf age which matter (see above), and response 
functions are straight forward. The object is 
obvious and defined: a leaf. The most adequate 
reference unit is also obvious: because light is a 
vector, it is the light intercepting area that needs to 
be known. Nitrogen content per unit leaf area 
allows prediction of photosynthetic capacity with 
reasonable confidence, and with stable carbon iso- 
topes we have an integrating tool. Unfortunately, 
the situation with respiration is much more com- 
plicated. First, there are many different tissues 
in a plant, all experiencing different (commonly 
unknown) micro-environments and respiring at 
different rates. Second, responses to the main 
external driver, temperature, are variable and 
often show rapid acclimation. Third, there are no 
good and easily defined tissue quality criteria by 
which “standard rates” can be predicted, and there 
is no sound rationale for any of the many pos- 
sible reference units (though people mostly use 
dry mass). Finally, there is not one type of respi- 
ration (see below). 

Oxidative release of CO 2 may be the result of 
mitochondrial respiration for (1) maintenance, (2) 
growth or (3) energy supply for nutrient uptake in 
roots. Only maintenance respiration will be dis- 
cussed in this chapter. Growth respiration is com- 
monly calculated from known energetic costs 
for certain plant compounds following the concept 
by Penning de Vries (see Chapin 1989 for arctic 
tundra plants), although these costs have never 
been evaluated for alpine life conditions. Also, the 
respiratory costs of nutrient uptake can not be 
measured directly, but may be estimated from lab- 
oratory data, tracer experiments and a suite of soil 
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Table 11.2. The contribution of crassulacean acid metabolism (CAM) to carbon gain in alpine succulents as indicated by 
(original data, except for®, which is from Osmond et al. 1975). Temperate zone samples are from peak season (flowering) 



Species 


Site 


Altitude (m) 


6‘’C (%o) 


Subtropics 


Tephrocactus off. bolivianus^ 


Cumbr. del Aconquijo 


4000 m 


-12.2 


(flowers and spines Nov. 97) 
Echeveria sp. 


(northwest Argentina) 
Iztaccihuatl 


4000 m 


-15.4 


(young leaves, March 96) 
Echeveria sp. 


(Mexico) 
As above 


4000 m 


-18.4 


(dead old leaves, March 96) 
Sedum sp. (March 96) 


As above 


4000 m 


-25.3 


Temperate zone 


Sempervivum montanum 


Patscherkofel 


2200 m 


-18.6® 


S. montanum (dry site) 


(Tirolian Alps) 

Furka Pass (Swiss Alps) 


2480 m 


-22.4 


S. montanum (mesic site) 


As above 


2480 m 


-24.3 


Sedum alpestre 


Avers (Swiss Alps) 


2600 m 


-23.7 


S. alpestre 


Saas Fe (Swiss Alps) 


2700 m 


-25.7 


Sedum atratum 


Grusin (Swiss Alps) 


2600 m 


-23.3 


S. atratum 


Aosta (Italy Alps) 


2950 m 


-24.5 


Sedum lanceolatum 


Niwot Ridge 


3500 m 


-27.2 


Radiola rosea 


(Rocky Mts. USA) 
Saas Fe (Swiss Alps) 


2400 m 


-28.0 


Mean for 8 Sedum species from 
lower altitude, dry habitats 


Eastern Alps (Austria) 


unknown 


-24.4 ± 1.4® 


Arctic-alpine 


Radiola rosea 


Kirkevagge (north Sweden) 


800 m 


-27.0 



collected by J. Gonzalez, Tucuman. 



biological investigations. These costs include both 
the immediate demand for ion exchange in the 
root, and the indirect expenditures associated with 
mycorrhization and rhizosphere organisms, which 
are often treated as a separate carbon sink 
(Lambers and Van der Werf 1989). These are 
important carbon costs for plant life, particularly 
for slow growing plants of naturally infertile 
environments. 

Photorespiration, i.e. carbon losses through 
oxygenase activity of Rubisco during photo- 
synthesis are already covered by apparent net 
photosynthesis. However, photorespiration is an 
ecologically important process with respect to the 
maintenance of the integrity of the photosyn- 
thetic machinery in a high light environment 
(Woolhouse 1986), particularly in cold climates 



(Oquist and Martin 1986). From their field and 
laboratory studies with the tall alpine forb 
Chenopodium bonus-henricus. Heber et al. (1996) 
concluded that photorespiration is essential for 
protection against photo-inactivation and the 
maintenance of photosynthetic electron transport 
under high radiation. 

Maintenance respiration or “dark respiration” 
of mature tissue (R), the main topic of this section, 
largely depends on two factors: (1) the specific 
activity of tissues and (2) temperature. Specific 
tissue activity in turn depends on a large number 
of determinants such as organ type (leaf, stem, 
storage organ, coarse root, fine root, flower), car- 
bohydrate supply status, tissue age, plant develop- 
mental stage, daytime, climatic prehistory and 
stress situations. Though technically simple, respi- 
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ration measurements are biologically tricky, 
because almost any experimental interference 
with the plant may induce changes. Also, concur- 
rent leaf photosynthesis influences mitochondrial 
respiration. Simply darkening a leaf cuvette during 
the day, as was common practice for respiration 
measurements in the early days, is an inadequate 
approach. Leaves darkened during the day may 
respire twice as much as they would at equal tem- 
perature during the night. Furthermore, “dark” 
respiration of leaves in the light period is partial- 
ly substituted by direct energy supply through 
photosynthesis, hence is reduced (Atkin et al. 
1997). Therefore it is inappropriate to add respira- 
tion rates, measured during dark periods, to 
apparent net photosynthesis in order to construct 
something like a “gross photosynthesis”. Given all 
these difficulties it is understandable why infor- 
mation on wild plant respiration, alpine plants 
included, is often inconsistent. Only a small frac- 
tion of the published data have been measured in 
situ and, in the case of leaves, at periods when 
“dark” respiration affects the carbon balance, 
which is during the night. 

It is a century-old debate whether alpine plants 
respire less or more than lowland plants, or 
whether plants from cold climates (including 
polar latitudes) lose less or more respiratory CO 2 
than those from warm climates. Does a Betula leaf 
in Greenland lose less CO 2 in the dark than the leaf 
of a tropical forest tree in Java? This is the ques- 
tion Stocker (1935) asked, and his data said no! 

Note that Stocker asked the question in a 
specific way: he said “IN” Greenland (and it might 
have been better to refer to roots, because it is 
never dark in Greenland when leaves are out). 
Unfortunately, these two letters were forgotten 
during most of the following years of experimen- 
tation, which led to a vast confusion. The ma- 
jority of data have been obtained at constant labo- 
ratory temperatures at which plants genetically 
adapted to life in low temperatures were often 
found to respire more than plants native to 
warmer climates (e.g. Pisek and Winkler 1958; 
Bjorkman and Holmgren 1961; Mooney and 
Billings 1961; Mooney et al. 1964; Semichatova 



1965; Klikoff 1968; McNulty et al. 1988). Others 
have misinterpreted these findings by the stereo- 
type “alpine plants have higher respiration”, which 
lacks a sense of realism. The only valid compari- 
son in an ecological context is the comparison of 
R at actual thermal site conditions, rarely report- 
ed in the literature. Under these conditions, alpine 
plants commonly do not exhibit higher, and even 
sometimes lower R, as will be discussed below. 

Table 11.3 illustrates respiration rates of field 
grown leaf and root tissue measured in high 
and low altitude laboratories immediately after 
harvest. On a dry weight basis, leaves respire about 
twice as much as roots. The extremely high rates 
per unit dry weight in Oxyria digyna are the result 
of a very high specific leaf area and are not seen 
when respiration is expressed per unit leaf area, 
highlighting the reference problem. At a common 
measurement temperature of 10 °C, alpine species 
respire more than lowland species. Since night- 
time temperatures differ by ca. 10 K between sites, 
it is interesting to note that the alpine species tend 
to respire at similar or lower rates per unit dry 
mass at 10 °C as the lowland species at 20 °C. 

The second problem associated with responses 
of R to temperature is short-term acclimation with 
time. The concept of Qio and the messages derived 
from conventional instantaneous R-temperature 
response curves are doubtful, if not misleading 
when trying to understand R in the field. Such 
curves are commonly measured in plants pre- 
cultivated at ONE temperature and exposed to 
varying temperatures within a short experimental 
period of <1 h. Under these conditions a mean Qio 
of 2.3 for alpine as well as lowland species was 
found (Fig. 11.16), suggesting more than doubling 
of R for a 10 K increase in temperature (com- 
monly measured in the range of 10 to 20 °C). 

Such numbers are problematic for two reasons. 
First, the Qio obtained in such experiments 
depends on the base temperature selected: the 
closer the lower reference is to zero respiration 
(e.g. -10 °C), the more Qio tends toward infinity, so 
there is leeway for subjectivity. Second, and bio- 
logically important: a doubling of night-time 
temperature rarely causes R to double in the field. 
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Table 11.3. Rates of leaf and root res- 
piration in mature lowland (L) and 
alpine (A) forbs measured at peak 
season (leaves during the night) with 


Plant species 
(A alpine, L lowland) 


Rate of tissue respiration (mg CO 2 g ^ h 
A/L 10 “C (n) 20 X 


Vmgm' 

(n) 


Qio 


an oxygen electrode. Fresh samples 
were analysed within 2h after 
harvest, starting with low tempera- 


Leaves 

Oxyria digyna 


A 


7.2/218 


(1) 


12.2/352 


(8) 


1.7 


tures. Alpine site Mt. Glungezer, 2600 m 


Ranunculus glacialis 


A 


3.9/247" 


(3) 


6.6/374 


(5) 


1.7 


Tirol/Austria (night-time tempera- 


Geum reptans 


A 


- 


(1) 


3.1/199 


(4) 


- 


tures ca. 5°C), low altitude site, 600 m 


Poa alpina ssp. vivipara 


A 


4.1/249 


4.4/279 


(4) 


1.1 


Botanical Garden Innsbruck (night- 


Oxyria digyna (transpl.) 


L 


5.8/179 


(2) 


11.9/373 


(5) 


2.1 


time temperature ca. 15 °C; U. Renhardt 


Ranunculus acris 


L 


3.1/149 


(3) 


4.9/280 


(5) 


1.6 


and Ch. K5rner, 1988, unpubl.) 


Geum rivale 


L 


2.3/116 


(3) 


4.1/219 


(5) 


1.8 




Poa annua 


L 


4.8/136 


(2) 


5.1/141 


(3) 


1.1 




Fine roots 
Oxyria digyna 


A 






3.3 


(1) 


_ 




Ranunculus glacialis 


A 


1.3 


(1) 


1.6 


(1) 


1.2 




Geum reptans 


A 


2.1 


(1) 


2.5 


(1) 


1.2 




Poa alpina ssp. vivipara 


A 


3.4 


(1) 


5.7 


(1) 


1.7 




Cerastium uniflorum 


A 


- 


- 


2.5 


(1) 


- 




Coarse roots 
Oxyria digyna 


A 


1.7 


(1) 


3.1 


(1) 


1.8 




Geum reptans 


A 


1.2 


(1) 


- 


- 


- 



^ in situ IRGA measurements: 206 mg m ^ (M. Diemer pers. comm.) 



50 




Q^q values 



Fig. 11.16. The frequency distribution of Qio (10-20 °C) for 
alpine and lowland plant species as measured in the 
laboratory during short term variations of temperature. 
(Larigauderie and Korner 1995) 



because over periods of one to several days most 
plants re-adjust their metabolism so that the tem- 
perature effect may become zero (full acclimation) 
or diminished (Fig. 11.17). Given that the most 
significant components of respiratory loss are 
those by belowground organs (which contribute 
50 to 80% to total biomass and respire 24 h) and, 
by above-ground organs (green parts during the 
night only, with temperatures commonly <5°C), 
short-term responses of R to large changes in tem- 
perature are relevant only for a small part of the 
season and a small fraction of non-photosynthe- 
sizing tissue immediately beneath and above the 
soil surface. 

When measuring the long-term thermal accli- 
mation of respiration (LTRio in contrast to 
instantaneous Qio) of potted alpine and lowland 
plants grown and measured at a 10 K different 
temperature, a broad spectrum of responses was 
obtained, with some species showing no (LTRio = 
Qio) and some full adjustment, as exemplified in 
Fig. 11.17. Data by Skre (1985) for leaves of five 
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Fig. 11.17. The instantaneous temperature response of dark 
respiration in leaves acclimated to different temperatures. 
Top: Ranunculus glacialis acclimated to 8 and 18 °C growth 
temperatures before measurements were conducted at both 
these and a higher temperature (Arnone and Korner 1997). 
Bottom: Argyroxiphium sandwitchense^ as above, but for 
plants acclimated to a 10/20 and 20/30 °C night/day 
temperature regime (Goldstein et al. 1996). Note, when 
measured at the growth temperature, no significant 
difference in R was detected in either case, indicating full 
acclimation. 



arctic alpine species also range from full to no 
acclimation for a change of 6-8 K in growth tem- 
perature. In contrast, Atkin et al. (1996a,b) tested 
leaves of six species of Poa from contrasting alti- 
tudes but grown at a common temperature of 
20 °C and found no difference per dry weight (full 
acclimation) and a slight, not significant trend for 
higher rates per unit leaf nitrogen. Also, a 
lowland/alpine comparison in Australia by Atkin 



and Day (1990), iilcluding a wider spectrum of 
life forms, did not reveal any ecotypic differences 
of leaf R when plants were grown and measured at 
25 °C. 

Remarkably, the three species with the least 
ability to adjust to a new, higher temperature in 
the study by Larigauderie and K5rner (1995) were 
among the highest growing species of Europe, with 
Saxifraga biflora holding the record of 4450 m. 
This species exhibited an LTRio of 5.5 and no 
acclimation, which means that these plants persis- 
tently lose 5.5 times as much CO 2 at 20 °C as they 
do at 10°C. It is obvious that such plants will 
rapidly attain a negative carbon balance and die at 
higher temperatures and are therefore restricted 
to uppermost alpine altitudes. It would be inter- 
esting to check the species lists of lowland bota- 
nical gardens with an alpine section for alpine 
species missing in their collections and what the 
natural elevational range of these species is. 
Ranunculus glacialis is missing in all temperate 
zone outdoor collections (in Kew Gardens it grows 
on a cool bench), because it dies within a few 
weeks - despite leaves seeming to be able to accli- 
mate (11.17), but the massive root system of this 
species may not. Dahl (1951) was possibly the first 
who suggested a high temperature, low altitude 
limit for alpine plants, because of overshooting 
respiration. 

Larigauderie and Korner (1995) illustrated a 
great spectrum of responses of thermal acclima- 
tion in both alpine and lowland plant species and 
the patterns in absolute R and degree of acclima- 
tion largely reflect genus specific traits. Thus, pre- 
dictions at the community level cannot be made 
based on one or a few species. Origin of species 
also had no effect on the absolute rate of respira- 
tion when plants were grown and measured at 
10 °C. However, when grown and measured at 20 
°C, alpine provenances had a significantly higher 
mean leaf R, i.e., they were unable to proportion- 
ally downregulate R. 

Recently, Collier (1996) conducted a similar 
screening experiment with 35 Arctic, Subarctic 
and temperate taxa. In this case, regardless of tem- 
perature regime (10 or 20 °C), leaf R measured at 
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growth temperature was independent of geo- 
graphic origin (Table 11.4), which is similar to 
what Chapin and Oechel (1983) described for 
Carex aquatilis. In Collier’s survey, R of potted and 
fully acclimated plants was not significantly dif- 
ferent among three provenance groups, hence 
showing no trend of inherently higher R in arctic 
populations. Given the two to threefold range of R 
within his provenance groups, this study under- 
lined most impressively the potential pitfalls of 
studies with only one or a few species, when 
general principles are to be assessed. 

As Collier and others have noted, a problem 
with such comparisons again is the reference. 
Results may differ when expressed per unit dry 
matter, fresh weight or leaf area because the rela- 
tionship among these references also changes with 
climate, and there is no good advice as to the best 
reference. It seems, for a plant carbon balance con- 
sideration, a dry mass basis is a good compromise. 
When rates are to be related to function (e.g. 
carbon assimilation in leaves and nutrient assim- 
ilation in roots), area (leaves) and length (roots) 
might be more adequate. 

In summary, a number of alpine plant species 
have been found to respire more than lowland 
plants, IF grown and measured at the same high 
temperature (no full acclimation). However, since 
the temperature in their habitat is NOT the same 
and commonly lower, their rates of in situ respira- 
tion are NOT necessarily higher, but rather maybe 
lower in view of the lower soil and night tem- 
peratures - perhaps too low to achieve growth 
rates comparable to lowland plants (Korner and 



Table 1 1.4. A comparative survey of arctic, subarctic and tem- 
perate zone leaf respiration in plants grown and measured at 
two temperatures (Collier 1996) 



Rate of leaf respiration in 
nmol CO 2 d.m. s“^ 



Origin of species: 


Temperate 


Subarctic 


Arctic 


Number of species: 


7 


14 


12 


Rat 10 °C 


34.7 + 8.9 


35.3 + 9.8 


35.6 + 8.0 


Rat20°C 


31.2 + 9.2 


28.4 + 8.6 


29.2 + 9.7 



Larcher 1988; Friend and Woodward 1990; see 
Chaps. 7 and 12). Thermal adjustment to low tem- 
peratures - genotypic or not - allows alpine plants 
to achieve metabolic rates at these lower tempera- 
tures which low altitude plants would reach only 
at significantly higher temperatures. The explana- 
tion for this seems to be a combination of a greater 
number of mitochondria per cell, as suggested 
by Miroslavov et al. (1991) and Miroslavov and 
Kravkina (1991), and higher oxidative activity per 
mitochondrion (Klikoff 1968). Miroslavov and his 
coworker also observed that the number of mito- 
chondria per cell increases more with altitude 
than the number of chloroplasts, perhaps explain- 
ing the higher R/A ratio frequently observed in 
alpine plants (Mooney et al. 1964), when both R 
and A are studied at the same high temperature 
(which is not a good model for the natural 
climate). 

Since perennial alpine plants live for much of 
their life at temperatures at or below 0°C, it is sur- 
prising how little we know about respiration at 
such temperatures. The following two examples 
illustrate that respiratory carbon losses can be 
substantial during cold periods. Stewart and Ban- 
nister (1974) studied Vaccinium myrtillus shoots 
(thermally acclimated to their winter environ- 
ment) in alpine Scotland at 2°C and higher tem- 
peratures, from which one can deduce a rate of 
respiration of 0.6 mg CO 2 g“^ d.m. for 0°C. A 
similar range of 0.3-0.6mg CO 2 g~^ d.m. was mea- 
sured during cold summer nights for Carex 
curvula leaves in the Alps (Korner 1989c). In view 
of the fact that respiration of 0.5 mg CO 2 g~^ d.m. 
could theoretically consume the total dry mass 
of such shoots in 140 days, such low rates of 
CO 2 release are ecologically very important, par- 
ticularly in environments with a long dormant 
season. 

Current evidence does not suggest that the res- 
piratory carbon loss and the carbon balance of 
leaves of alpine and lowland herbaceous plants is 
any different (Diemer and K5rner 1996). While 
leaf gas exchange can be studied in the field, it is 
impossible to study the whole carbon balance of a 
plant in situ because the root system is inaccessi- 
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ble, except through massive disturbance. Whether 
the losses of carbon through respiration in whole 
plants differ also connot be assessed by measure- 
ments at artificially high temperatures. Given 
the variability and species specificity of responses 
that has been seen so far, a broad screening 
for responses is required, which experimentally 
follows the concept of Atkin and coworkers 
(looking at the “productivity” of respiration rather 
than absolute numbers only), but adopts realistic 
growth conditions, soil temperature and nutrition 
in particular. Together with field data on actual 
plant responses and microclimate, this will allow 
modeling whole plant carbon losses during an 
alpine year. Even though genotypic effects can be 
marked, the effect of the environmental regime is 
greater (Billings and Mooney 1968), and hence 
deserves greater attention. 

Ecosystem carbon balance 

CO 2 uptake through photosynthesis and losses 
through respiration determine the balance of 
carbon flows in plants and whole communities. As 
long as plants grow, there is a net carbon flux into 
biomass, and when plants or parts of them die the 
flux is reversed. Together with soil microbe and 
animal respiration the net balance of all of these 
fluxes determines whether an ecosystem accretes 
or loses carbon. In late successional, quasi-stable 
systems and over large areas and long time scales 
these fluxes are commonly balanced. Over short 
periods, such as an alpine summer in the temper- 
ate or arctic zone, these fluxes are not balanced 
and correlate with the productivity of a site. 

The net ecosystem CO 2 uptake (NEC), can be 
measured by exposing whole plots of intact vege- 
tation to a transparent gas-exchange chamber. 
Aerodynamic methods, which assess CO 2 fluxes 
without enclosures, by using profile data, are an 
alternative approach, but the patchiness of alpine 
vegetation and gusty winds make it difficult to 
apply such methods at high altitude. During day- 
light hours such flux measurements reflect a mix 
of assimilatory and dissimilatory processes, from 



which canopy photosynthesis itself is hard to 
separate. 

Peak season CO 2 uptake of alpine vegetation 
has been measured on a few occasions only (Table 
11.5). Per unit land area, NEC for good weather 
conditions appears to roughly follow a 30:20:10 
pmolm”^s"^ scheme from lowland crops to lush 
montane meadows and alpine vegetation. In the 
case of the alpine sedge community, NEC is similar 
to the Acap of the dominating species, which means 
the whole system assimilates as much per unit 
ground area as leaves are known to assimilate per 
unit leaf area. For the Loiseleuria “cushion” shrub, 
which covered the ground fully, the intact canopy 
fixed twice as much CO 2 per ground area as fully 
illuminated isolated leaves fixed per unit leaf 
area. Aerodynamic exchange resistance and leaf 
shading in the canopy reduce CO 2 absorption 
per unit area within the canopy (Grabherr and 
Cernusca 1977). 

The altitudinal reduction of maximum NEC for 
natural vegetation appears to correlate with the 
reduction in LAI. NECs in Rhododendron and low 
density prairie communities appear to match the 
alpine ones, as LAIs do, thus supporting the view 
that differences in Acap contribute little to these 
trends. The higher numbers for prairie sites 
include communities with C4 species. The high 
end rates in some lowland crops may have to do 
with more uniform leaf quality and the inclusion 
of legume species such as alfalfa and soybean. 
According to Tappeiner and Cernusca (1996), 
light compensation points of NEC for ungrazed 
vegetation near the treeline range from 70 to 130 
pmolm“^s“\ This means that these closed com- 
munities achieve no net carbon gain when solar 
radiation is reduced to ca. 5% of the maximum 
(100 versus 2000|imolm“^s“^). 

Mean rates of night-time CO 2 evolution 
(ecosystem CO 2 release, ER) of these systems are 
in the order of 1.5-2 pmolm'^s”^ at peak season, 
i.e. about one sixth to one fifth of peak daytime 
NEC (references in Table 11.5). These efflux rates 
include above- and belowground plant respira- 
tion and CO 2 release from the substrate, largely 
through microbial activity. On a whole day basis. 
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Table 11.5. Peak season maximum 
rates of net ecosystem CO 2 uptake 
(NEC) in low stature vegetation from 
alpine and lower altitudes (pmolm“^ 
s-^ 



Type of community 


Altitude 


LAI 


NECjnax 


Ref. 


Alpine zone (Alps) 


Carex community 


2470 m 


1.8 


9.5 


1 


Loiseleuria monoculture 


2000 m 


3.2 


10.8" 


2 


Subalpine zone (Caucasus) 


Rhododendron community 


2200 m 


3.8 


13 


3 


Heracleum dom. community 


2200 m 


6.2 


24 


3 


Upper montane zone (Caucasus) 


Hordeum dom. community 


1850m 


5.4 


19 


3 


Deschampsia dom. communirty 


1750m 


5.8 


22 


3 


Short and long grass Prairie (US) 


Low density short and tall grass 


ca 2000 m 


1.5 


6-15 


3 


High density tall grass 


ca 1500 m 


ca 3 


13-30 


3 


Lowland crops (US) 


<500 m 


4-5 


22-45 


3 



References: 1 Diemer (1994), 2 Grabherr and Cernusca (1977), 3 Tappeiner and 
Cernusca (1996, including references for the two lowland data sets). 

^ This figure was calculated from an actual value of 12.7 obtained in intact monoliths 
of vegetation brought into a laboratory at 600 m altitude, at which the partial pressure 
of C02was at least 15% higher than in the field. 



the ER/NEC ratio will be bigger, largely because 
of lower than maximum NEC for much of the 
day. Given the lower soil and air temperatures, and 
the lower aboveground biomass of alpine com- 
pared with lowland ecosystems, these rates of 
night-time CO 2 release are quite remarkable and 
not much lower than in late successional lowland 
sites. 

According to model calculations by Huber 
(1976) for the total annual respiratory carbon 
losses from living biomass in two alpine Vaccini- 
um communities in Tirol (converted to dry matter 
units, 850 and 1640gm"^a~^), half of the total res- 
piratory CO 2 flux from plant tissue was released 
from belowground organs, and half from above 
-ground organs (despite 2.5 times greater below- 
than aboveground biomass). The ratios of carbon 
uptake and losses accounted for by plant respira- 
tion were 1.3 and 1.4 for the two communities. 
Because the ratio for the whole ecosystem should 
be close to 1 in such stable vegetation, the differ- 
ence indicates that approximately one quarter of 
the annual carbon gain was recycled via microbial 
respiration in this ecosystem (biomass respiration 



was derived from laboratory studies with isolated 
organs). 

To date, the most exhaustive analysis of in situ 
CO 2 evolution from alpine vegetation and soil is 
from sites between 1600 m and 2500 m altitude 
in the Austrian Alps by Cernusca and Decker 
(1989a,b). Their full year studies in a Carex dom- 
inated community at 2300 m revealed a very close 
correlation of soil CO 2 release and soil tempera- 
ture at 2 cm depth, contrasting with the com- 
monly observed best fit with 10 cm depth temper- 
ature at low altitudes (a lag of 3-5 h was observed 
in the diurnal course when the temperature at 5 
cm depth was used). Soil moisture exceeding 45% 
volume was found to depress CO 2 evolution by 
30% (20 °C) to 60% (0°C). Between 5 and 15°C, the 
Qio of soil CO 2 release during the main part of the 
growing season varied between 3.3 and 3.7 (rates 
at 10 °C of 1.9 to 3.2|iimol CO 2 m~^s”0, indicating 
that temperature was much more influential on 
belowground compared with aboveground respi- 
ration (Fig. 11.18). Total ecosystem CO 2 release was 
composed of the following partial fluxes: 35% 
from substrate, 13% from roots, 11% from ground 
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Fig. 11.18. The temperature dependence of midsummer CO 2 
release in the dark from belowground (soil and roots) and 
aboveground (bio- and necromass) carbon sources in an 
alpine sedge community at 2300 m in the Austrian Alps. Note 
the greater temperature sensitivity of soil CO 2 evolution 
which possibly reflects the smaller in situ variation in soil 
temperature, compared with canopy temperature. (Cernusca 
and Decker 1989a) 



Fig. 11.19. The immediate influence of preceding weather on 
the temperature response of mid season plant canopy 
respiration in an alpine sedge community at 2300 m in the 
Alps. The upper curve was measured after very cold weather 
with snow falls, the lower curve after very warm weather. 
Note the similar respiration at prevailing canopy 
temperatures indicated by the shaded area. (Cernusca and 
Decker 1989a) 



litter, 13% from standing dead material (which is 
moist during much of the time) and only 28% was 
contributed from aboveground live plant parts. 

The daily totals of CO 2 release from the soil 
surface decreased almost linearly from a peak of 
360 mmol m“M"^ (4|dmol CO 2 m“^s”^ early in the 
season (beginning of July; mean soil temperature 
13 °C) to 40mmolm“M“^ (ca. O.Spmol CO 2 m~^s“0 
at the end of the season in late October when soil 
temperature reached 0 °C. Peak season in situ plant 
canopy respiration measured at the same temper- 
ature (soil excluded) was more than twice as high 
on days preceded by very cold weather with snow 
fall and temperatures below 5°C, compared with 
days preceded by very warm weather (Fig. 11.19), 
illustrating strong and fast thermal acclimation 
also at the plant community level. The overshoot- 
ing in soil respiration seen after freezing periods 
by Brooks et al. (1997), may in part also have to do 
with such acclimatory processes. Cernusca and 
Decker (1989b) found no significant altitudinal 
difference of in situ respiratory losses of CO 2 per 



g of phytomass across their gradient (a mean of 
3|Limol CO 2 at a field temperature of 10 °C). 

A full season carbon balance for an alpine 
sedge community based on field measurements is 
illustrated in Fig. 11.20 for the Swiss Alps. CO 2 
fluxes from various dates throughout the season 
combined with a model which links these gas flux 
data with actual microclimate data yielded a sea- 
sonal net CO 2 balance of 16 mol CO 2 m"^ season"^ 
which would require a mean 0.7 |imolm“^s"^ efflux 
during the 270 day dormant season to become 
completely recycled. Since mobile carbon com- 
pounds will be utilized for spring growth (perhaps 
10-15% of the carbon balance) respiratory carbon 
losses required to achieve a zero balance will be 
proportionally smaller. Otherwise, any annual net 
gain would accrete to the soil C pool, which is 8 to 
lOkgm"^ in this old successional ecosystem. As 
was discussed in chapter 5, soils rarely freeze 
under snow in the Alps. In fact, there is evidence 
from various sites in this region that soils under 
snow remain at 0 ± 0.7 °C between -1 and -10 cm 
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Fig. 11.20. The seasonal CO 2 balance of an alpine grassland (per unit ground area) in the Swiss Alps in 2470 m altitude at 
current ambient CO 2 and at elevated CO 2 (vegetation as shown in Fig. 11.13). The net CO 2 gain of 16 mol m"^ season”^ at 
ambient CO 2 corresponds to the sum of winter and springtime respiratory losses so that the annual balance approximates 
zero. Potential effects of the global rise of atmospheric CO 2 will be discussed in Chapter 17. (Diemer and Korner 1998) 



depth for the whole winter (original data for 
1996/97; the same was observed in the eastern Alps 
by Cernusca and Decker 1989a). This permits 
substantial microbial and root respiration in the 
order of 0.6|Limolm“^s“^ as suggested by early and 
late winter measurements by M. Diemer (pers. 
comm.), sufficient to arrive at a zero annual 
carbon balance. 

According to Brooks et al. (1997) the situation 
in the Rocky Mountains is different (more conti- 
nental), and soils on Niwot Ridge freeze regularly, 
with temperatures falling as low as -14 °C at sites 
with poor snow cover, and still reach -7°C under 
deep snow. This explains the overall low respir- 
atory losses in winter reported by these authors. 
Mean rates during the period with snow cover vary 
with site from 0.03|imolm~^s~ho 0.3|dmolm~^s~^ 
Only at subalpine elevations did mean rates reach 
0.6|imolm”^s“^ (references in Brooks et al. 1997). 
A comparison of their input and output estimates 
does not balance, hence there are some unac- 



counted C sinks. These authors found no measur- 
able soil CO 2 efflux at soil temperatures at or below 
-5 °C, but a lot of variation at the prevailing tem- 
peratures of between -2°C and 0°C. 

A comparison of modeled gains and losses of 
CO 2 for a sedge community at 2300 m in the Aus- 
trian Alps ended up with independent estimates of 
a 36.5 mol m"^a”^ uptake versus a 37.6 mol m“^a~^ 
loss, i.e. a zero C balance within the given uncer- 
tainty of such calculations (Korner 1989c). A mass 
balance approach (repeated harvests of all phy- 
tomass compartments over several years) in alpine 
dwarf shrub communities revealed no measurable 
net change over the years (Larcher 1977), again 
suggesting a balanced carbon budget in the long 
term, as is to be expected for such stable natural 
ecosystems. The combination of a warm winter 
with a miserable summer, or a winter with poor 
snow cover and frozen soils followed by a warm 
summer would probably lead to strong deviations 
from a balanced C budget. 
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The data presented in this chapter indicate 
that the slow growth and small stature of alpine 
plants, as compared with lowland plants is not 
associated with low rates of uptake and loss 
of carbon per unit of tissue. Photosynthetic leaf 
gains do not appear inferior, and there is no 
evidence that respiratory losses are enhanced 
in alpine plants. Apart from the overwhelming 



effect of the duration of the active season 
outside the tropics, it appears that the way in 
which alpine plants invest their assimilates 
and control their development plays an important 
role in understanding the overall appearance 
of alpine vegetation. The primary processes 
of carbon metabolism do not provide the 
answer. 
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It is important, though trivial, that low tempera- 
tures affect different life processes in different 
ways. The life process most limited will most 
strongly influence growth and development. In the 
last century, when researchers watched submerged 
aquatic leaves for air bubbles in order to check 
whether the plant was photosynthesizing, a 
handful of ice added to such a water bath had 
illuminated the fundamental dilemma between 
supply and demand of carbon. By using these 
methods, Kraus (1869, p. 523) studied the effect of 
light and temperature on starch and sugar forma- 
tion in plants in Wurzburg and hit the point 
remarkably well: 

“The low temperature limit of photosynthesis 
appears to be lower than that in any other plant 
process. Such a design may not only be useful, but 
appears essential. This assures that secondary 
processes such as cell division, cell enlargement, 
respiration etc. never fall short of substrate. It 
would be useless and even very ineffective if plants 
could grow and respire at 2°C but were unable to 
produce the material required for these processes” 
(free translation from the more baroque German 
of those days). 

Kraus’s view is a good preface for this chapter, 
because it questions conventional beliefs focused 
at “photosynthesis first”. Do we know which is 
affected more by low temperature: synthesis or 
investment of assimilates? This and the following 
chapter will provide evidence that in alpine alti- 
tudes, the latter seems more likely than the first. In 
the previous chapter it has been shown that rates 
of photosynthesis per unit leaf area are unlikely to 
limit growth of alpine plants to greater extent than 
in comparable lowland plants. It was also shown 



that the lifetime carbon balance of the unit leaf 
area is not necessarily lower in alpine plants, hence 
it is impossible to explain their slow growth on the 
basis of leaf gas exchange (Korner and Larcher 
1988). The picture could change at a whole plant 
level, for instance, if the leaf area produced per 
unit of leaf mass or leaf mass per total plant mass 
was smaller at alpine altitudes and if the overall 
respiratory burden increased due to such allomet- 
ric changes. The build up of mobile pools of 
carbon compounds (non-structural carbohydrates 
and lipids) could also affect the overall carbon 
balance. These are the topics considered in this 
chapter. 

Non-structural carbohydrates 

The abundance of mobile compounds in plant 
tissues may reflect two situations, with gradual 
transitions inbetween: (1) a demand for growth 
and adequate functioning of the plant (osmotic 
requirements, adjustments against stresses, short- 
and long-term reserves, transport), or (2) over- 
shooting supplies, because of an imbalance 
between synthesis and demand (neutral or nega- 
tive effects; “accumulation” after Chapin et al. 
1990). The latter possibility is rarely considered 
but is one among many possible reasons why 
certain sugars, starch, fructans and lipids may be 
found in high concentrations in cold climates. An 
objective approach needs to consider both possi- 
bilities, and there are several reasons why a carbon 
overabundance problem may occur under certain 
alpine life conditions. 
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Research dating back to the beginning of the 
century showed that alpine, like arctic plants, are 
not short in total non-structural carbohydrates 
(TNG) as rated by tissue concentrations (e.g. 
Wilson 1954; Mooney and Billings 1965; Bell and 
Bliss 1979; Skre 1985). However, an inspection 
of the literature, which largely considers single 
species, revealed a lot of variation and uncertain- 
ty about the justification of a generalization. A 
spot check on 38 truly alpine non-grass species at 
peak season at 2500 m in the Alps produced the 
pattern shown in Fig. 12.1. TNG concentrations in 
leaves range from 8 to 28% of dry weight, with a 
great majority of species containing 15 to 20% 
TNG. While in most species TNG is dominated by 
soluble carbohydrates (60 to 90% of TNG), eight 
species show the opposite pattern, including all 
five legumes in which starch dominates TNG. No 
other relatedness of these data with any other 
potential functional or taxonomic grouping is 
apparent. Also, microhabitat had no significant 
influence by that time of the season. Obviously, 
species are different, which in some cases is related 
to their specific phenological rhythms (see below). 

Whether these alpine TNG data are different 
from those in comparable plant species from low 
altitude was tested by collecting a similar data set 
from an infertile semi-natural lowland pasture. As 
illustrated by Fig. 12.2, the difference is small and 
not statistically significant, with slightly lower 
TNG concentrations at low altitude within a 
similar overall range. No significant altitudinal or 
latitudinal differences in mobile carbohydrates 
within selected species or genera were found 
by Mooney and Billings (1965, low/high tem- 
perate alpine), Ghapin and Shaver (1989, 
temperate/arctic), Gonzalez (1991, low/high tro- 
pical alpine), Russell (1948, arctic/subtropical 
alpine), and Hnatiuk(1978, tropical alpine/sub- 
antarctic). If there was a trend, carbohydrates 
appear more rather than less abundant at the cool 
end of such gradients. However, in one respect 
there is a clear cold/warm difference: the lower the 
temperature, the less abundant becomes starch - 
except in legumes, but legumes become increas- 
ingly rare as altitude increases, and are absent at 
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Fig. 12.1. Concentrations of total non-structural 
carbohydrates (TNG, % of total dry matter for a pooled 
sample from at least five individuals per species) in leaves of 
37 alpine non-graminoid species sampled at peak growing 
season (27 July, 17:00-19:00 h) at 2500 m in the Swiss Central 
Alps (Furka Pass). Analysis for sugars {light bars) and starch 
{dark bars) followed the procedure described in Schappi and 
Korner (1997). Letters indicate different sampling habitats. 

P exposed peak, S saddle, C flat Carex heath, W wet snowbed 
community. (Unpubl.) 

highest elevations. Enzymes involved in starch 
synthesis were found to be much more sensitive 
to low temperature than for instance enzymes of 
sucrose and fructose metabolism (Pollock and 
Lloyd 1987). 
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Fig. 12.2. A comparison of 
TNG in alpine and lowland 
herbaceous species. Alpine 
data and analysis as Fig. 12.1. 
The lowland samples are from 
a semi-natural calcareous 
grassland at 500 m altitude 
near Basel and mostly include 
species from the same plant 
families or even genera which 
were sampled at high altitude, 
all sampled at biomass peak 
in early June, again in late 
afternoon. (Unpubl.) 
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Given the pronounced seasonality in the alpine 
zone of extra-tropical mountains, mobile carbohy- 
drate pools may be expected to undergo subs- 
tantial seasonal variation, perhaps contrasting 
with the situation in the alpine tropics. The 
handful of studies on seasonal variation of TNG 
concentration in the temperate alpine zone (e.g. 
Mooney and Billings 1960; Bell and Bliss 1979; 
Skre 1985; Shibata and Nishida 1993) revealed 
three messages: 

• There is never a critical depletion of TNC-pools. 
In the words of Mooney and Billings (1960): ‘‘all 
our results indicate that adequate carbohydrate 
reserves are present even at the lowest point in 
the seasonal cycle”. 

• TNG pools reach a minimum at the time of or 
shortly after snow melt; maxima in leaves can 
occur at any time between peak season (at peak 
flowering) and late season. In belowground 
organs, TNG maxima commonly occur at the 
end of the season. 

• Major refilling of diminished pools is fast 
(3-4 weeks) and often parallels the phase 
of maximum growth (Fig. 12.3, see also Fig. 
12 . 6 ). 



Ulmer (1937), who studied seasonal variation in 
sugars in conjunction with frost resistance in a 
series of alpine species in the Alps, found very little 
variation throughout the year, even none at all in 
some species. TNG concentrations are also fairly 
robust in the face of local variations in life condi- 
tions, both in summer (Fig. 12.1) and in winter, as 
was illustrated by Bell and Bliss (1979). These 
authors manipulated winter snowpack and com- 
pared transplants and found some, but not very 
pronounced, and consistent consequences for TNG 
(Fig. 12.4). TNG also differed surprisingly little 
across a steep snow melt gradient in early summer 
(Fig. 12.5). No significant variation in TNG con- 
centration was observed in alpine grassland 
during the core 10 weeks of the growing season 
during 3 consecutive years in the Swiss Alps 
(Schappi and Korner 1997). 

A comparatively pronounced seasonal varia- 
tion in TNG concentration was observed by Gon- 
zalez (1991) in the subtropical-alpine zone of 
northwest Argentina (data from 3000, 4200 and 
4600 m). TNG concentrations in leaves of the 
rosette forb Calandrinia acaulis varied seasonally 
between 2 and 15% in leaves and 3 and 47% in 
roots, with minima in late summer, and maxima 
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Fig. 12.3. The annual carbohydrate cycle in Saxifraga 
rhomboidea and Polygonum bistortoides at 3300 m in the 
Medicine Bow Mountains of Wyoming (% of alcohol- 
insoluble dry weight). The difference between the lines for 
TNG and total sugars represents starch concentration. 
(Mooney and Billings 1960) 



achieved within 2 weeks at the rather immediate 
onset of the dry alpine winter in March, opposite 
to the trends found in the temperate zone. Roughly 
the same pattern (though more variable and with 
much lower absolute concentrations) was exhi- 
bited by the alpine fern Woodsia montevidensis. 

The only long-term data for the tropics are 
those for tussock grasses of the alpine zone 
between 3500 and 4000 m on Mt. Wilhelm, New 




Fig. 12.4. The annual course of carbohydrates in Kobresia 
bellardii at 3600 m altitude, Trail Ridge, Rocky Mountains 
National Park, Colorado (% of alcohol insoluble dry weight). 
Solid lines for a site with moderate to low snow cover (22% 
of all days in February and March snow free) at which 
Kobresia dominates naturally, dashed lines for transplants 
exposed to a fell field climate with poor snow cover (38% of 
all days snow-free in February and March). (Bell and Bliss 
1979) 




Fig. 12.5. The variation of carbohydrates in Geum 
turbinatum from the same location as Fig. 12.3 (same units), 
but for plants sampled across a snow melt gradient on June 
20, plus samples from July 16 (flowering peak) and 
September 8 (dormant). (Mooney and Billings 1960) 
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Guinea measured by Hnatiuk (1978). Hnatiuk 
found no “seasonal” trends, but enormous varia- 
tion from tussock to tussock, reflecting the 
decoupling of phenorhythmics from climatic 
drivers in this ever humid equatorial climate. 
However, he detected a clear diurnal variation 
in the concentration of sugars from a mean of 
around 12% (range 6 to 20) in the morning, to a 
peak of 25% (with much less variation) in the 
second half of the day. Starch levels showed the 
same diurnal trend, but concentrations were 
extremely low, mostly around 3%. According to 
Beck (1994), leaves of afro-alpine plants {Senecio 
sp.. Lobelia sp., Alchemilla argyrophylla) contain 
up to 38% of their dry weight as sucrose, which 
represents 80-90% of TNG. The very low starch 
content also found in these tropical alpine species 
increased at the expense of sucrose when plants 
were grown in a warm greenhouse, in line with 
observations by Rada et al. (1985) who found that 
warm pre-treatment of Polylepis shoots reduces 
the soluble fraction of TNG in leaves by 2 to 3% 
within a few hours. Similar diurnal trends in 
soluble carbohydrates associated with tempera- 
ture were described by Azocar et al. (1988) for high 
Andean Draba. New (unpublished) data from the 
Ecuadorian Andes show a mean leaf TNG concen- 
tration of only 9% (late afternoon), and confirm 
the relatively higher sugar concentration, com- 
pared with starch (again with the exception of 
legumes; Table 12.1). Soft leaved species like 
Ranunculus sp. and Geranium sp. show the highest 
concentrations (21 and 13% sugar; 3% starch), the 
rigid and pubescent, extreme high altitude Culci- 
tium species the lowest (1-3% sugar, 2-3% starch), 
illustrating that volume density (cell wall thick- 
ness and sclerenchyma) strongly influences such 
means. The greater cloudiness in the Ecuadorian 
mountains may also add to the lower means. 

Turnover times of mobile carbon pools in 
alpine plants are largely unknown (for turnover of 
whole organs such as leaves and roots, see Chap. 
13). The only data I know are from an uninten- 
tional labeling experiment in the course of a CO 2 
enrichment study in the Swiss Alps (K5rner et al. 
1997). After almost four seasons of exposure to 



Table 12.1. Non-structural carbohydrates (% d.m.; means and 
range for n species) in leaves of alpine plants of the equa- 
torial tropics (Ecuador; Guagua Pichincha 4450 m, Cayambe 
4500 m, Paramo La Virgen 4000 m; unpublished data, for 
method see Schappi and Korner 1997) 



Group of plant species^ 


n 


Sugars 


Starch 


Herbaceous non-legume dicots 


12 


6.8 (1-21) 


3.4 (1-5) 


Graminoids 


2 


8.8 (8-9) 


1.5 (0-3) 


Legumes 


2 


2.6 (1-4) 


4.7 (2-8) 



genera included Calandrinia, Cerastium, Culcitium, 
Erigeron, Geranium, Hypochoeris, Lachemilla, Niphogeton, 
Ranunculus, Valeriana, Werneria, (herbaceous); Agrostis, 
Luzula (graminoid); Astragalus, Lupinus (legumes); samples 
collected by M. Diemer. 

twice normal ambient CO 2 concentrations, the 
dominant species of the alpine grassland studied, 
Carex curvula, carried a strong isotope signal 
of -37.0 ± 1.4%o, because the tank CO 2 had a 
of -30 to -40%o compared with -8%o in normal 
air (the air mixture experienced by CO 2 enriched 
plants had a 8^^C of around -24%o). After termi- 
nation of the treatment during the second half of 
the fourth season (10 August 1995) the fate of 
tissue was followed over two more seasons 
(Fig. 12.6). By mid September, most of the above- 
ground parts of Carex leaves are dead. The for 
untreated Carex is -25.5 ± 0.8%o at this site (see 
also Chap. 11). 

Leaves emerging immediately after snow melt 
contain only about one quarter of “old” isotope 
label, hence three quarters of them are construct- 
ed from carbon assimilated during the last month 
of the previous season and current assimilation. 
In contrast, the inflorescence contains ca. 80% of 
carbon dating from before mid August of the pre- 
vious season. By the end of the 1996 season, the 
mean for all current season leaf tissue was back to 
control levels, which means that the current leaf 
crop is largely a product of current season as- 
similation. There was no difference in isotopic 
signature between the basal regrowth tissue of 
established (2nd year) leaves and the tips of the 
next generation leaves, right from the beginning of 
the season (basal leaf meristems remain active for 
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Fig. 12.6. Tissue carbon turnover in alpine Carex curvula as 
indicated by the disappearance of the stable carbon 13 
isotope label in the course of 2 years after labeling with 
depleted CO 2 had been terminated. Note the fast removal of 
the signal in new leaf tissue, indicating that hardly any 
mobile carbon pools older than 1 year are utilized in leaf 
growth. The signal in new tissue at the base of old leaves and 
in tips of a new generation of leaves is similar, hence both 
appear to be supplied from the same carbon source. 
(Unpubl.) 



three seasons). Thus, both meristems have the 
same C source. Some thick roots and attached 
dead leaf parts still carried the unchanged ca. - 
37%o signal by the end of the second season after 
the treatment was terminated (September 1997). 
Although some recalcitrant TNG fractions may 
remain stored in belowground organs, these 
observations suggest turnover times of mobile 
carbon of less than 2 years. In fact, it seems that 
most of the active pool is replaced after less than 
1 year. 

Overall, the mean midsummer TNG concentra- 
tions seen during these individual plant studies in 
the temperate zone and the means of the few data 



from New Guinea, the Andes and equatorial Africa 
fall within the upper half of the range shown in 
Fig. 12.1, suggesting (1) that TNG concentrations 
are indeed relatively high at high altitudes, and 
(2) a latitudinal difference in TNG concentration 
at these high altitudes does not seem to exist. 
However, much more data, particularly for sub- 
tropical and tropical mountains are needed before 
a conclusive picture will emerge. In the temperate 
zone, respiratory consumption in winter and 
during emergence at snow melt are the primary 
sinks for TNG. The warmer the winter, the thicker 
the snow cover, the more TNG becomes depleted 
(Stewart and Bannister 1974; Bell and Bliss 1979). 
When storage rhizomes are present, their TNG 
content shows most pronounced seasonal varia- 
tion and is closely linked to the vigor of spring 
growth (Klimes et al. 1993). Such rhizomes can 
store enormous amounts of TNG per unit land 
area: Mooney and Billings (1960) estimated an 
equivalent of 5tha“^ for patches of Geum turbina- 
tum, which corresponds to the grain yield of 
a good wheat crop. Glosed alpine grassland with 
600 g biomass m“^ (above- plus belowground) 
with only 15% TNG would accumulate ca. It of 
TNG ha-'. 

Reasons for, and the potential functional 
significance of, the relatively high concentrations 
of TNG in alpine plants are not obvious. Indepen- 
dent of function, high concentrations of TNG 
suggest either good supply or limited demand by 
structural or metabolic sinks. The most common- 
ly discussed functional attribute of high sugar 
concentrations is their association with frost resis- 
tance. However, the logic is not straightforward as 
was discussed in Ghapter 8, because concentrating 
osmotically active compounds is an inefficient way 
to avoid freezing, since 1 mole of solutes (osmotic 
pressure of ca 2.25 MPa) depresses freezing point 
by only 1.8 K. It is also not clear why alpine 
legumes should not require similar sugar concen- 
trations for this purpose. 

Since the concentration of soluble carbohy- 
drates has been found to correlate with frost resis- 
tance in alpine plants, other membrane stabilizing 
functions of sugars are likely to be more impor- 
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tant (Sakai and Larcher 1987, p. 114ff; Beck 
1994). However, it remains difficult to separate 
causal from coincidental effects. Kaurin (1985) 
noted that a high carbohydrate concentration does 
not necessarily result in high frost resistance in 
Poa alpinUy and Ulmer (1937), as mentioned above, 
found pronounced variations in frost resistance 
with comparatively small or no variation in 
sugars. 

These field observations for alpine plants fit 
general trends for plants growing in the cold at 
low altitudes or being experimentally exposed to 
low temperatures. Given the significance of bio- 
logical variation, more general patterns can only 
be obtained by considering large groups of species 
from geographically diverse origins. Such a survey 
- though not in alpine species, but very relevant 
for their understanding - was undertaken by Chat- 
terton et al. (1989) who have screened 185 grass 
species from across the world (including a few 
montane species) and found remarkable patterns 
in TNG concentrations and their temperature 
responses. Grasses (in addition to Asteraceae) are 
special because outside the tropics they represent 
a family with the most consistent occurrence of 
fructans, carbohydrates whose solubility varies 
with their degree of polymerization, and which are 
stored in the vacuole, i.e. a place where they cannot 
directly interact with the bulk of cellular mem- 
branes. Chatterton et al. grew their plants at a 10/5 
°C and 25/15 °C day/night growth regime (the 
first quite typical for midsummer near the tree- 
line), and grouped them into cool season (C3, 
128 species) and warm season (C4, 57 species) 
species. The following results were obtained for 
concentrations of leaf TNG or its components 
glucose, fructose, sucrose, starch and fructans: 

• Concentrations of all TNG fractions were higher 
at low temperatures, irrespective of species 
group. 

• Cool season species had higher concentrations 
of most TNG compounds, irrespective of growth 
temperature. 

• Warm season grass species have no fructan, but 
almost all cool season grass species do. 



• Of all compounds, fructans show the most dra- 
matic increase with decreasing temperature. 

Thus, TNG, and its component’s concentrations 
in grasses (and possibly other groups of plant 
species) exhibit phenotypic (environmental) and 
genotypic (heritable) components, and are nega- 
tively correlated with temperature. The mean TNG 
concentration in grass leaves of the cool season 
group was 31% of TNC-free leaf dry weight at 10/5 
°C compared with 10.7% at 25/15 °C (Table 12.2). 
Fructans increased from a mean of 1.2% at high 
temperature to a mean of 11.5% or one third of 
TNG, at low temperature. Although fructans do not 
universally contribute to TNG, their presence in 
grasses provides an elegant tool for understanding 
low temperature effects on TNG. Ghatterton et al. 
plotted their cool season species data for the 
various TNG fractions against TNG concentrations 
and found a remarkable pattern: while all other 
compounds tested increased almost linearly with 
TNG concentration, with the regression intercept 
near zero TNG, the intercept for the highly linear 
regression with fructan concentration had a 
threshold of 15% TNG, which means fructans are 
the last component to become enhanced when 
TNG goes up (Fig. 12.7). 




Fig. 12.7. The concentrations in sucrose and fructan versus 
total non structural carbohydrates (TNG) per unit of TNC- 
free leaf dry mass in 116 grass species from cool climates 
grown at a 10/5 °C day/night growth regime. (Chatterton 
et al 1989) 
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Table 12.2. Mean non-structural carbohydrate concentrations 
in 128 grass species from cool climates grown at 2 day/night 
temperature regimes (% TNC-free leaf dry mass; Chatterton 
et al 1989) 



TNC-components 


25/15 °C 


10/5 °C 


Fructose 


1.4 


2.4 


Glucose 


1.8 


2.9 


Sucrose 


2.3 


5.8 


Starch 


4.1 


8.6 


Fructans 


1.2 


11.5 


TNG 


10.7 


31.2 



Chatterton et al. (1989) concluded, that fructan 
accumulation in grasses in cold climates is not an 
alternative to starch formation (a substitute) but is 
an additional means of disposing of carbohy- 
drates in a harmless way in the vacuole, in order 
“to allow photosynthesis to continue at cool tem- 
peratures when other storage pools are saturated”. 
The very pronounced response of fructans to 
low temperature is a well-known phenomenon 
(e.g. Farrar 1988), but their role in alpine grasses 
has not been explored. In Poa alpina leaves at 
2500 m altitude in the Alps, fructans contribute 
only 4% to a mid season TNG pool of 30%, less 
than half as much as was found in the Asteraceae 
Leontodon helevticus (B. Schappi and Ch. Korner, 
unpubl.) 

Since mobile carbon fractions also co- 
determine the quality of high altitude fodder for 
grazing ruminants, bulk biomass samples have 
been analyzed repeatedly by agronomists. Table 
12.3 shows the ranges found in eight mountain hay 
fields and pastures in the Alps, all receiving either 
little (organic) or no fertilizer. Most components 
appear equal or less abundant at high altitude, but 
this reflects the changed composition of the vege- 
tation, and is not related to physiological changes 
within defined organs of comparable species. 
The elevational trends are largely driven by the 
increasing abundance of sedges or hard-leaved 
tussock grasses at high altitude. Hence, just as with 
nitrogen (protein) concentration, one needs to dis- 
tinguish between species-, genus- or morphotype- 



Table 12.3. Ranges of mobile carbon compounds and some 
otlier constituents determining agronomic fodder quality in 
eight seminatural or natural grassland communities between 
1 100 and 2500 m altitude in the Alps (woody elements, such as 
dwarf shrubs excluded; analysed by standard agronomic 
methods). Note, these are bulk biomass samples cut at 2-3 cm 
above the ground, also reflecting elevational changes in 
species composition (all numbers in % dry matter and for 
mature canopies harvested between end of June and mid 
September). (Spatz et al. 1989) 



Type of compound 


1 100-1900 m 


2300-2500 m 


Mono- and disacharides 


5.0-10.0 


2.1-7.3 


Starch 


0.3-0.9 


0.3-1.2 


Fructans 


0.7-3.4 


0.3-2.8 


Raw protein 


8.8-18.0 


6.7-12.7 


Lignin 


2.0-6.0 


3.2-8.1 



specific trends, and those in whole community 
harvests. 

Experimental manipulations which affect the 
plant’s carbon balance may shed further light on 
the reasons for high TNG in the alpine zone. In a 
3 year fertilizer trial in alpine grassland (Schappi 
and Korner 1997), which doubled seasonal 
biomass accumulation, TNG concentration 
remained completely unaffected (did not decrease 
as a result of enhanced structural growth). When, 
in addition, plants were exposed to a doubled 
ambient GO 2 concentration over the same 3 year 
period, TNG concentrations increased in the 
majority of plant species, irrespective of the fertil- 
izer treatment, but there was absolutely no GO 2 
effect on growth (see also Ghap. 17). 

In summary, all these observations suggests 
that high TNG concentrations in alpine altitudes 
are unrelated to biomass production or nutrient 
availability, but are associated with low tempera- 
ture per se. The fact that stimulation of photo- 
synthesis by elevated GO 2 further enhanced leaf 
TNG but not growth suggests that there is 
a problem with either carbon dissipation or 
investment. 

Assimilate transport includes the critical step 
of phloem loading, which is known to be temper- 
ature sensitive. Gamalei et al. (1994) demonstrat- 
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ed that the endoplasmatic reticulum, which facili- 
tates plasmodesmatal (i.e. symplastic) transport, 
collapses below 10 °C in warm adapted species, 
and as a consequence starch accumulates in the 
mesophyll of such species. However, cold climate 
species commonly bypass the constraints of sym- 
plastic phloem loading by adopting the apoplast 
pathway, which is much less temperature sensitive, 
and is comparatively faster (Van Bel and Gamalei 
1992), and which leads to less TNG accumulation 
under otherwise equal conditions (K5rner et al. 
1995). Hence, a more likely explanation than a 
transport problem for the unresponsiveness of 
growth to CO 2 enrichment, and the overall high 
TNG levels in alpine plant tissues is a limitation of 
structural growth rates. 

A great number of experimental studies in indi- 
vidual species of grass and non-grass species of 
low altitudes have added to the evidence that low 
temperatures enhance TNG, and several authors 
have attributed this phenomenon to the fact that 
growth is more sensitive to low temperature than 
is photosynthesis (Neales and Incoll 1968; Farrar 
1988). This aspect will be further discussed in 
chapter 13. 

Lipids and energy content 

In terms of carbon accumulation, a second impor- 
tant group of non-structural carbon compounds 
are lipids, the abundance of which has been found 
to increase with altitude. A survey of lipid con- 
centrations in total herbaceous aboveground 
biomass from an elevational gradient on Mt. 
Olympus in Greece revealed a doubling from 
Mediterranean sea level to 2500 m altitude (Fig. 
12.8). Although part of this change may be 
explained by decreasing contributions of lipid- 
depleted stem tissue as altitude increases, the 
trend is in line with observations by Headley and 
Bliss (1964), Tschager et al. (1982) and H5ner and 
Breckle (1986) for temperate and Mediterranean 
alpine sites. Lipid concentrations tend to be very 
high in alpine plants. 




Altitude (m) 



Fig. 12.8. Total lipid concentration in herbaceous biomass 
from an altitudinal gradient on Mt. Olympus in Greece. 
(Pantis et al. 1987) 



Since the energy content of lipids is among the 
highest of all plant constituents, it is not surpris- 
ing that linear correlations between total lipid 
content and leaf energy content have been found 
(Tschager et al. 1982; Pantis et al. 1987). In alpine 
leaves, lipid concentrations may reach 10% of dry 
weight, energy contents may exceed 20kjg~^ dry 
weight, and there is ultra-structural evidence for a 
very active lipid physiology in alpine leaves (Liitz 
1987). Accordingly, the energy content of plant 
tissue tends to increase with altitude indepen- 
dently of latitude (Baruch 1982, Pipp and Larcher 
1987). Lipid and energy contents are lower in 
belowground organs, but due to their greater total 
biomass contribution, Tschager et al. (1982) esti- 
mated that half of the total lipid pool is below the 
ground in evergreen dwarf shrubs and even more 
in deciduous dwarf shrubs. Common mid season 
leaf lipid concentrations in alpine Ericaceae are 
5-8% d.w. (Table 12.4). 

It was repeatedly observed that lipid concentra- 
tions in mature alpine plant tissue undergo com- 
paratively little seasonal variation (Fig. 12.9). 
Headley and Bliss (1964) found almost no change 
with season, but they made the important obser- 
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Table 12.4. Total lipid concentrations in alpine Ericaceae in 
summer. Means in % dry weight. (Tschager et al. 1982) 



Species 


Leaves 


Stems 

A 


B 


Evergreen shrubs 


Calluna vulgaris 


3.8 


3.7 


2.3 


Empetrum hermaphroditum 


7.3 


4.2 


4.8 


Vaccinium vitis idea 


6.0 


2.6 


1.9 


Arctostaphylos uva ursi 


8.1 


4.5 


3.1 


Loiseleuria procumbens 


9.0 


8.0 


4.8 


Deciduous shrubs 


Vaccinium myrtillus 


4.9 


1.5 


1.2 


Vaccinium gaultherioides 


5.5 


2.7 


2.0 



A above ground stem, B below ground stem. 



vation that lipids accumulate more in old leaves. 
Accordingly, several authors reported little tempo- 
ral or spatial change of energy content once tissues 
were matured (e.g. Headley and Bliss 1964; Bliss 
1966; Brzoska 1973; Fig. 12.10). When early season 
and very late season data are included for herba- 
ceous alpine vegetation, a seasonal reduction of 
energy content has been observed (Grabherr et al. 
1980) which may have resulted from a “dilution” of 
energy content first by cellulose accumulation 
(leaf maturation) and then by recovery of leaf 
protein and/or lipids during senescence. 

According to the analysis by Tschager et al. 
(1982) in Loiseleuria, two thirds of the total lipid 
fraction were found to be unsaturated fatty acids, 
largely with two and three double bonds, and only 
one third was found to be saturated. These rela- 
tionships varied little among organs. The overall 
accumulation of lipids per unit land area estimat- 
ed by these authors is remarkable: 2.4 tha"^ in 
biomass and 1.3 tha"^ in the litter layer, i.e. nearly 
4tha~^ Annual lipid turnover was estimated to be 
in the order of 1 tha"\ 

In summary, a similar picture emerges for 
lipids as for non-structural carbohydrates in 
alpine plants. High concentrations, large pools per 
land area, and relatively little seasonal variation in 
concentrations. It is tempting to assume that these 
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Fig. 12.9. The seasonal variation in total lipid concentration 
in Loiseleuria procumbens at 2000 m altitude in the Tirolian 
Alps. (Tschager et al. 1982) 
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high energy compounds are important reserves. 
However, why are these “reserves” accumulating in 
old evergreen leaves? Why are they abandoned 
with leaf shedding in evergreens and accumulate 
in the litter layer (as was observed by Tschager 
et al.) if they are so precious? These authors 
mention the possibility that lipid accumulation 
may have to do with growth limitation by mineral 
nutrient shortage, and they refer to studies in 
algae, in which lipids were found to accumulate 
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Month 



Fig. 12.10. The altitudinal and seasonal variation in leaf 
energy content in different Primula species in the Tirolian 
Alps. (Zachhuber and Larcher 1978) 



when nutrients were short, an indication of carbon 
oversupply. The massive occurrence of lipids in 
litter really seems like a most wasteful manage- 
ment of carbon compounds by these alpine plants 
- not what one would expect were carbon a limit- 
ing resource. 

Carbon costs of leaves and roots 

In terms of a plant’s carbon economy, it matters 
how much carbon is invested per unit of photo- 



synthesizing leaf area or jper unit of length of fine 
roots exploring the soil. Growth analysis has 
shown that the leaf area per leaf mass (specific leaf 
area, SLA) and the root length per root mass 
(specific root length, SRL) are two key drivers of 
the relative growth rate. Slow growing species 
commonly found in habitats with low resource 
supply have been shown to be characterized by low 
SLA and high SRL (Ryser 1996; Atkin et al. 1996a). 
The following text considers investments in terms 
of plant dry matter, but these can be approximate- 
ly converted to carbon by multiplying by 0.45. 

Within the same morphotype (forb, grass, 
sedge, deciduous or evergreen shrub etc.) alpine 
plants commonly produce less leaf area per unit 
leaf dry mass, hence their specific leaf area is lower 
than in plants from low altitudes. This trend has 
been documented for whole groups of species or 
for individual species adapted to contrasting alti- 
tudes, both in the temperate zone and the tropics 
(e.g. Baruch 1979; Woodward 1983; K5rner et al. 
1983, 1986, 1989a). For example, in the Alps mean 
SLA drops from 2.3 to 1.9dm^g"^ i.e. -15% 
between 600 and 3000 m (Fig. 12.11). The differ- 
ence is larger (-30%) when only congeneric 
species are considered. However, an aspect often 
overlooked is that most dicotyledonous species 
from alpine altitudes have sessile leaves or leaves 
with very short petioles. On average, they invest 
only 6% instead of 15% of total leaf mass in peti- 
oles, hence two thirds of the 15% greater mean 
investment of mass per area (1/SLA) are returned 
by savings in petiole construction (Korner et al. 
1989a). 

Explanations for reduced SLA at high altitude 
are greater leaf thickness and thicker cell walls, 
particularly in the epidermis (K5rner and Diemer 
1987; Korner et al. 1989a, Fig. 11.3). Experiments 
in which plants were grown under contrasting 
temperatures showed that these structural features 
are partly genotypic and partly phenotypic. A 
strong genotypic component was documented for 
grasses by Woodward (1979a, b), and Atkin et al. 
(1996). In their growth chamber experiments, the 
alpine species always had a lower SLA than the 
lowland species, irrespective of growth tempera- 
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Specific leaf area (dm^ g'^) 



Fig. 12.11. Specific leaf area in herbaceous plant species 
from low (500-600 m) and high altitude (2600-3200 m) in 
the Alps. (Data pooled from Korner et al. 1989a and Diemer 
et al. 1992) 



ture, but according to Woodward’s study the rela- 
tive effect of growth temperature was twice that of 
origin (Fig. 12.12). 

No conclusive evidence exists for dicots (cf. 
K5rner et al. 1989a). When grown at 8 and 18°C 
five out of nine species reduced SLA at low tem- 
perature (only one significantly), two were indif- 
ferent and in three SLA was higher, but leaf 
maturation status may have been unequal. In an 
alpine/lowland transplant experiment, two out of 
four species decreased and two increased SLA, 
perhaps reflecting differential sensitivity to the 
drier growth conditions at low altitude. The only 
consistent and highly significant effect of growth 
of alpine species at low altitude was a reduction of 
the thickness of the outer epidermal cell wall by 15 
to 45%. A cross continental transplant experiment 
with Ranunculus sp., Geum sp. and other dicots by 
Frock and Korner (1996) confirmed the stronger 
phenotypic and weaker genotypic nature of SLA. 
Temperate alpine species transplanted to the 
cooler arctic-alpine climate further reduced SLA, 
whereas arctic-alpines transplanted to a temper- 
ate-alpine climate slightly increased SLA. A similar 




Fig. 12.12. The temperature response of specific leaf area in 
an alpine and a lowland grass species {Phleum alpinum and 
Phleum bertolonii). Solid line for plants in which 
belowground and aboveground organs experience the same 
temperature; dashed lines for plants in which only the 
belowground (including the apex) temperature was varied, 
while the aboveground temperature was maintained at 20 °C. 
(Woodward 1979b) 



trend was observed in low altitude latitudinal 
transplants. Transplant experiments with 
Alchemilla alpina in Scotland also revealed pre- 
dominant phenotype responses of SLA (Morecroft 
and Woodward 1996). 

A global comparison of altitudinal differences 
in SLA indicates that trends are similar in forbs, 
shrubs and trees and along altitudinal gradients in 
the arctic, temperate, and tropical zones, and even 
appear to be relatively robust when faced with 
local variations in radiation and humidity. SLA in 
sclerophyllous species, for instance, was found to 
exhibit a strong elevational reduction in both New 
Zealand (Kdrner et al. 1986) and New Guinea 
(Korner et al. 1983), despite the fact that the latter 
gradient included an altitudinal reduction of radi- 
ation to about one third of the lowland value, 
whereas radiation does not change with altitude in 
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New Zealand. Hence the common driver of 
changes in SLA with altitude appears to be 
reduced temperature. 

However, in addition to temperature, there is 
also the influence of season length. SLA increases 
from the tropic-alpine to arctic alpine (see Chap. 
10), and in the temperate zone plants found at late 
snow melt sites (typical snowbed species) have 
higher SLA than plants from early snow melt sites 
(Kudo 1996). Kudo showed that along snow-melt 
gradients, SLA correlates negatively with leaf life 
span. The shorter the leaf life span, the greater the 
SLA (the less carbon invested per unit leaf area; 
see also Chap. 5). 

Investigating potential mechanisms of the 
reduction in SLA at lower temperatures. Wood- 
ward (1979b) treated potted grasses with either 
uniform temperatures of between 10 and 20 °C, or 
maintained aboveground temperatures at 20 °C, 
while thermostating the belowground part 
(including the apex) at between 10 and 20 °C. The 
results, shown in Fig. 12.12, indicate that the 
control of SLA is largely dominated by above- 
ground temperatures. An increase in leaf thick- 
ness at low temperature was also observed in this 
experiment (plus larger cells). What actually 
induces greater thickness of cell walls at low tem- 
perature is unknown. Perhaps low temperature 
limits cell division more than cell wall differentia- 
tion, and thus contributing to the overall more 
stunted growth of leaves (see Chap. 13). Over- 
abundance of C assimilates could be another 
explanation. 

While alpine leaves on average are more expen- 
sive (or luxurious) in terms of carbon per unit of 
light absorbing area, alpine roots are cheaper per 
unit of soil exploring length. While it is obvious 
that projected area is the most relevant reference 
for a flat, light capturing structure, the selection of 
a functionally meaningful reference for roots is 
more difficult. Accounting for the fact that thick 
old roots largely serve as means of transport, 
anchorage and storage, whereas young and thin 
roots are the primary structures for absorption of 
water and nutrients, length is considered a better 



reference than surface (which would give older 
roots more weight). Length of roots is also a more 
plausible bases for describing the degree of explo- 
ration of a unit of substrate volume. 

On average, alpine forbs in the Alps produce 
62 m of fine roots per g of dry root matter (SRL), 
compared with 41 m g"^ in comparable low altitude 
forbs (+51%) and the majority of roots in alpine 
forbs are 0.2 to 0.3 mm wide, compared with the 
0.3 to 0.4 mm diameter most common in low alti- 
tude forbs (Korner and Renhardt 1987). Billings 
et al. (1978) report an SRL of 9-40 mg~^ in arctic 
tundra graminoids. Bliss (1956) reported that 
alpine plants produce finer and deeper roots than 
arctic plants. A comparison of alpine versus 
lowland grass species is yet to be done. Visual 
impression suggests very high SRL in alpine 
grasses as well. 

Again, reasons for these altitudinal differences 
are speculative. The more efficient investment of 
carbon for soil exploration may have to do with 
the reduced mycorrhization at high altitude (see 
Chap. 10). Alpine plants may depend to a greater 
extent on direct resource acquisition than low 
altitude species. Ryser and Lambers (1995) 
found that grasses produce thinner roots (higher 
SRL) when grown with a low nutrient supply. A 
second reason may be an adaptation to the pulsed 
supply of dissolved nutrients at snow melt, which 
requires a very dense root felt to be efficiently 
utilized. A third reason may be an adaptation to 
low temperature, which slows liquid diffusion 
and reduces viscosity, and thus requires denser 
substrate occupation by roots. It is unknown 
whether these root characteristics are genotypic 
or phenotypic. 

An important aspect in the interpretation of 
reduced SLA and increased SRL in alpine plants is 
interspecific variation. The data discussed before 
for the Alps are means for 20 or more species, cov- 
ering a very wide range of values (between 1 and 
3dm^g"^ in the case of SLA). It must not be over- 
looked that pairs of alpine and lowland species 
could have been selected which showed opposite 
trends to community means. Even congeneric 




214 



12 Carbon investments 



pairs of species bear a lot of randomness. In 
Ranunculus sp. for example, low altitude numbers 
vary from 1.53 to 3.10 and the high altitude repre- 
sentative shows 1.55 dm^g"^ whereas low altitude 
Geum rivale and Geum urbanum with SLAs of 1.90 
and 2.15, compared with the alpine pair Geum 
reptans and Geum montanum with SLAs of 1.42 
and 1.43 fit the mean pattern nicely. Even greater 
interspecific variation occurs in SRL, making com- 
parisons among two or a few species doubtful. 
Given the fact that alpine species growing side by 
side at highest altitudes exhibit opposing specific 
leaf and root costs suggest great caution with sim- 
plistic functional interpretations. Ranunculus 
glacialis has fine roots of more than 1 mm diame- 
ter and SLA of 1.55; its neighbor Cerastium 
uniflorum has roots of less than 0.2 mm diameter 
and an SLA of 3.32. Both appear to do equally well 
in terms of biomass production and persistence at 
their 3150m site in the Tirolian Alps. A more sys- 
tematic survey for SLA and SLR in grasses and 
sedges is urgently needed. 



Whole plant carbon allocation 

How much do alpine plants invest in their 
autotrophic and heterotrophic components? As in 
an economy, the fraction of primary productive 
parts versus those which support these, and trans- 
port, utilize, invest or save their products, strong- 
ly determines the budget, which in the case of 
plants may materialize as growth. The major plant 
components that will be considered here are 
leaves, stems, special storage organs and fine roots 
(Fig. 12.13). Only forbs will be discussed, because 
no whole plant studies exist for other groups of 
plants. Since reproduction is the main reason for 
producing a stem in alpine forbs, stems stand for 
reproductive effort here, and include flowers. All 
available data are for mature plants studied at mid 
season at maximum aboveground biomass. 

The result of a number of studies across the 
globe revealed a big surprise: the most important 
biomass ratio, the leaf mass ratio, LMR, i.e. the 
percent of green leaf dry matter within total plant 




Fig. 12.13. Dry matter fractionation in alpine plants into 
flowers and stems, leaves, special storage organs and fine 
roots can influence whole plant carbon gain. Here, an 
excavated individual of Primula glutinosa at 3000 m 
elevation in the Otztal Alps, Tirol 



dry matter is a most conservative trait with 
community means between 19 and 25%; mostly 
around 21%. A small sample of species from an 
arctic-alpine site in northern Sweden had a com- 
munity mean LMR of only 16%, but in Spitzber- 
gen at 79°N lat, the mean was again 21% (Frock 
and Korner 1996). Data sets include more than 10, 
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mostly more than 20 species per field site from low 
as well as high altitude in the arctic and the tem- 
perate zone, and from high altitude only in the 
tropics and subtropics (Korner and Renhardt 
1987; Korner 1994; Prock and Korner 1996; Figs. 
12.14, 12.15). With 21.6% of total life dry matter in 
leaves the famous Hawaiian Argyroxiphium sand- 
wichense fits nicely into these community means 
(Rundel and Witter 1994). 

As with SLA and SRL in the previous section, 
interspecific variation is enormous, with LMRs 
ranging from 8 to 48% (extremes represented by 
Oxyria digyna versus Arabis alpina), hence gener- 
alizations are again dangerous. When testing LMR 
against photosynthetic capacity or SLA, no corre- 
lations emerge among the species studied in the 
Alps. LMR in Oxyria is driven by the enormous 




Fig. 12.14. Dry matter allocation in perennial herbaceous 
plant species from low and high altitudes in the Alps (stem 
plus flower, leaves, special storage organs plus thick roots, 
fine roots). (Korner and Renhardt 1987) 




Leaf mass ratio (% d.m.) 



Fig. 12.15. Frequency distribution of leaf mass ratios in 
perennial herbaceous plant species excavated at various high 
and low altitude sites. Data for the Alps are from the Otztal- 
Alps in Tirol and from low altitude meadows near Innsbruck 
(47°N lat). Data for Sweden are from Mount Slattatjakka 
near Abisko and Abisko itself (68°N lat) and those from 
Spitzbergen from fellfields near Ny Alesund (79°N lat). 
Argentinean samples were collected in the Cumbres 
Calchaquies Mts. near Tucuman (26°S lat) and those from 
Ecuador near the upper limit of plant growth on Mt. 
Cayambe (0°). Arrows indicate means ± SD. (Korner and 
Renhardt 1987; Korner 1994; Prock and Korner 1996) 
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belowground structures, accumulated over many 
years of growth, whereas Arabis abandons shoots 
after 2 or 3 years with no persistent belowground 
structures, and with a large reproductive effort. As 
was shown in the survey by Korner and Renhardt 
(1987), there is a continuum of different LMRs and 
the above extremes are not outliers. Part of the 
variation may be associated with successional 
status of certain species. Chambers et al. (1987), 
suggested that a late successional status is associ- 
ated with small shoot (leaf) mass and greater 
below ground mass. 

The important message of these various field 
studies is that there is neither a significant altitu- 
dinal, nor a significant latitudinal difference in leaf 
mass ratio of perennial herbaceous plants. Very 
little is known about LMR under controlled con- 
ditions. Growth chamber studies with high and 
low altitude grasses by Woodward (1979a; Sesleria, 
DactyliSy Phleum), Atkin et al. (1996; Poa), and A. 
Larigauderie and Ch. Korner (unpubL; Poa), uni- 
formly showed no significant effect of origin on 
LMR. Temperature differences from 10 to 20 °C 
had either no effect (Woodward) or increased 
LMR by 21% {Poa alpina) or by 38% {Poa praten- 
sis; A. Larigauderie and Ch. Korner, unpubL). 
Overall, LMR appears to be a rather robust and 
invariable trait as long as similar morphotypes, 
closely related species or large enough groups of 
species are compared. 

In dwarf shrubs, and possibly also in tussock 
grasses (both life forms which do not reach the 
highest alpine altitudes), the leaf mass ratio is 
smaller (around 10%), which results from the 
greater fraction of persistent belowground struc- 
tures. Adult treeline trees (like trees in general) 
invest possibly less than 5% of their biomass in 
green structures (Korner 1994), but young trees 
are more like forbs in this respect (see Chap. 7). 

It is tempting to assume that the upper limit of 
certain life forms has to do with an inherent limit 
in adjusting the autotrophic/heterotrophic ratio 
towards a smaller heterotrophic fraction. When 
massive stems become “unaffordable”, one could 
imagine a shrub form with less heterotrophic 



investments becoming dominant, which is in 
turn replaced by herbaceous morphotypes which 
operate with even higher LMR. These aspects have 
been discussed in Chapter 7. Frost resistance 
cannot explain this altitudinal sequence of plant 
types, because woody species are by no means less 
resistant than forbs (see Chap. 8). However, the 
need for a more prostrate stature in order to 
capture more thermal energy, and mechanical 
constraints, are perhaps more plausible explana- 
tions for the reduction of supportive heterotroph- 
ic structures as altitude increases. 

The second biomass fraction which shows no 
systematic change with altitude is that of special 
storage organs such as tubers, rhizomes and thick 
roots (Fig. 12.14). This appears to contradict wide- 
spread belief that alpine plants, particularly those 
in regions with a short growing season, invest 
more in such structures. It is important to note 
that this comparison is for forbs only. As was dis- 
cussed in Korner and Renhardt (1987), there are 
no obvious reasons why forbs at low altitude in 
a seasonal climate should invest less in storage 
organs than alpine forbs, because lowland forbs 
are faced with much heavier competition in 
spring, and “sprouting, spreading and flowering 
first”, is of even greater selective advantage than 
at high altitude, where spacing is often wide. 
However, some of the species sampled in Argenti- 
na and Ecuador have massive belowground stems 
or tap roots. In subtropical Argentina, five (very 
abundant) of the 61 herbaceous species examined 
had more than 50% of their dry matter in such 
structures (Fig. 12.16). This may be associated 
with three factors. First, severe frosts in almost 
snowless winters create enormous mechanical 
tensions during freeze-thaw cycles, perhaps better 
resisted by such structures. Second and not 
obvious by looking at the dry weight data only, 
these belowground structures are very volumi- 
nous and contain a lot of water, perhaps adaptive 
for periodic drought in this semi-arid altiplano 
(see Chap. 9). Third, such structures may assure 
long individual life, given the massive natural 
grazing pressure by Guanacos. 
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Fig. 12.16. While alpine plants commonly do not allocate more biomass to special belowground storage organs (tubers, 
rhizomes, thick roots) than comparable low altitude plants, these specimens from 4250 m elevation in northwest Argentina 
show massive investments in tap roots (more than 50% of total plant mass). The overall herbaceous flora of this area 
includes many more species without such structures, hence these are species specific characteristics adding to the variability 
seen in Fig. 12.15. From left to right: Perezia sp., Hypochoeris meyeniana, Lepidium meyenii, Nototriche caesiUy Plagiobothrys 
congestus. 



The major change in plant carbon investment 
with altitude occurs in the stem and fine root frac- 
tion. Alpine forbs invest much less in stems (stem 
mass ratio, SMR) and much more in fine roots 
(RMR, Figs. 12.14 and 12.17), also causing the 
overall above-/belowground ratio to change in 
favor of below ground structures. The reduction of 
stem investments is the most obvious and well- 
known morphological change with altitude, and 
its genotypic nature was already acknowledged in 
the last century (Krasan 1882; Kerner 1898) and 
documented in many garden or transplant exper- 
iments (recently for instance by Bauert 1993, for 
Polygonum viviparum). Since roots are much more 
costly in terms of respiratory losses than green, 
and thus self-supporting herbaceous stems, this 
net shift from stem to root biomass potentially 



causes a greater burden to the plant carbon 
balance. However, whether this will be so depends 
on the actual root zone temperature and the res- 
piratory response to it, so far not assessed for an 
alpine versus lowland annual cycle. If greater root 
mass were associated with reduced mycorrhiza- 
tion as was discussed above, the net difference for 
the plant carbon balance would be less than indi- 
cated by dry weight ratios alone. 

Constant biomass fractions of leaves and 
storage organs combined with reduced stem and 
enhanced fine root fractions at high altitude, cause 
the above versus total plant mass ratio in forbs to 
decrease from a mean of 57 ± 3% at low altitude 
to 42 ± 3% at very high altitudes (shoot/root 
ratios of 1.39 versus 0.75; K5rner and Renhardt 
1987). Above-/belowground biomass ratios for 
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Fine root mass ratio (% d;m.) 



Fig. 12.17. The frequency distribution of root mass ratio 
(RMR) for temperate (Alps, 3000 m), subtropical (northwest 
Argentina, 4250 m) and tropical (Ecuador, 4600 m) 
herbaceous plant communities of the alpine life zone (only 
fine roots <1 mm; % of total plant dry matter). Arrows 
indicate means ± SD. (Korner and Renhardt 1987, and 
original data) 



Rocky Mts. alpine forbs from 3000 m altitude vary 
between 0.5 and 1.0 (n = 18, Scott and Billings 
1964), and a mean of 0.9 (n = 11) is reported by 
Nakhutsrishvili and Gamtsemlidze (1984) for 
alpine forbs from 3500 m altitude in the central 
Caucasus. Higher mean above-/belowground 
ratios of 1.5 were found in the 42 species examined 
at 4250 m in Argentina (despite the examples 
shown in Fig. 12.16; species as in Fig. 12.16 
and 12.17). Decreased shoot/root ratios were 
shown to be inherent in cold adapted populations 
of the arctic-alpine Carex aquatilis (Chapin 
and Chapin 1981). Biomass ratios for whole 
communities (per unit land area), which also 
reflect species abundance, will be discussed in 
Chapter 14. 



Describing biomuss allocation by above/total, 
above-/belowground or shoot/root ratios is often 
not very meaningful, because the relative position 
of the soil surface is of doubtful functional 
relevance (Korner 1994). Part of the leaf (in 
tussock grasses and sedges) and stem fraction 
(in dwarf shrubs and cushion plants) are embed- 
ded in the litter or topsoil layer (see Fig. 8.4), 
and it makes no sense to amalgamate such buried 
structures with active roots. Because of these char- 
acteristics of grasses, sedges and dwarf shrubs 
(which occur at both high and low altitudes) 
and because of the often greater contribution of 
these life forms to alpine, compared with lowland 
flora, alpine plants are supposed to be character- 
ized by massive belowground investment. This 
is clearly not true, or the difference is not as 
pronounced as believed, if comparisons are 
made within rather than across morphotypes. 
Although not yet systematically explored, it may 
be assumed that sedges, tussock grasses and dwarf 
shrubs from humid habitats at low altitudes 
exhibit allocation patterns not very different from 
their alpine counterparts. Hence, an important 
distinction needs to be made between altitudinal 
changes within certain morphotypes and chang- 
ing abundances of certain morphotypes with 
altitude (for whole community biomass ratios see 
Chap. 15). 

Mass ratios are one way of looking at carbon 
investment. In terms of organ-specific activities, 
other ratio descriptions are likely to be more 
meaningful. Two of these ratios will be addressed 
here: the leaf area ratio (LAR) and the root 
length/leaf area ratio (RLA). LAR is the product of 
LMR and SLA. Since LMR is rather unresponsive 
to altitude and SLA declines, by default the mean 
leaf area produced per total plant mass, LAR, 
declines with altitude as well. However, a ratio of 
one very active fraction (leaves) versus the bulk of 
remaining tissue, partly active, partly rather inac- 
tive, dilutes the functional significance of LAR 
when long-lived plants, with substantial perennial 
structures, are considered. In contrast, RLA disre- 
gards stems and storage organs (including all 
thick and old roots) and relates leaf area to 
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fine root length, yielding a tighter functional 
relationship. 

Such data are available only for an altitudinal 
gradient in the Alps. Resulting from a doubling of 
fine root mass ratio (RMR), a ca. 50% increase in 
specific root length (SRL) and a reduction in LAR 
(driven by SLA), RLA shows the most dramatic 
altitudinal increase of all allometric relationships 
(Fig. 12.18). Alpine herbaceous plants produce 
four to five times as many fine roots per unit leaf 
area as low altitude forbs. The change in RLA is so 
massive that potential errors in root excavations 
cannot affect it significantly. 

In summary, alpine plants tend to accumulate 
equal or higher amounts of non-structural carbo- 
hydrates per unit of tissue mass, show greater 
concentrations of lipids, produce thicker leaves 
with thicker cell walls, develop less leaf area per 
leaf mass and higher root length per root mass, 
similar leaf mass ratios and, as a consequence of 
lower SLA and equal LMR, lower leaf area ratio 
(LAR) than comparable lowland species. These are 
all trends for means of whole assemblages of 
species. 

The functional significance of these alterations 
can only be judged when the tissue specific meta- 
bolic rates under field conditions are known. For 
instance, the smaller mean LAR could be mean- 
ingless if the total respiratory losses and mycor- 
rhizal investments of the root system were lower 
in alpine than in lowland plants. The high abun- 
dance of mobile C compounds suggests that other 
than carbon balance driven controls may be 
responsible for the observed patterns of overall 
dry matter allocation. The simple fact that plants 
growing next to each other, close to the upper 
limits of higher plant life in the Alps, exhibit strate- 
gies of dry matter allocation (LMR) at the oppo- 
site extreme of the range shown in Fig. 12.15 (but 
do equally well in terms of seasonal growth and 
persistence), illustrates that functional growth 
analysis based on such features alone is of limited 
value (e.g. Ranunculus glacialis versus Cerastium 
uniflorum; K5rner and Renhardt 1987; Korner 
1991). 

Most of these altitudinal trends could be simu- 
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Fig. 12.18. The frequency distribution of the root length/leaf 
area ratio (RLA) in herbaceous perennial plant species 
collected at 600 m (five mature individuals of 22 species) and 
3000 m altitude (5 mature individuals of 27 species) in the 
Tirolian Alps. (Korner and Renhardt 1987) 



lated by growing plants at a low, rather than high 
temperature (Table 12.5), although some inherent 
differences do exist as well. As can be seen from 
Table 12.5, low temperature influences a suite of 
alterations in carbon investments. A nice example 
of these interacting temperature influences was 
documented for Trifolium repens provenances 
(Boiler 1980). At low temperature, alpine ecotypes 
invested more into stolons, which also accumulate 
reserve carbohydrates at the expense of leaves. 
This change of allocation was found to be respon- 
sible for reduced growth, despite increased leaf 
photosynthetic rates. 

With current knowledge it is not possible to 
explain the significance of the greater mean mass 
fraction and length of fine roots in alpine com- 
pared with lowland forbs, and how these changes 
may influence the plant carbon balance. Future 
comparative research will have to combine data 
for specific root metabolism with actual root zone 
temperatures. We need quantitative data for both 
root turnover and carbon export by roots to either 
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Table 12.5. Summary of trends in 
mobile carbohydrates and structural 
investments observed in alpine and 
lowland plant species grown at 10 and 
20 °C in daylight growth chambers 
(solar domes). For comparison, the 
natural high versus low altitude differ- 
ences are shown. From references 
mentioned in the text, plus unpub- 
lished results for a set of alpine and 
lowland forbs. (M. Schober and Ch. 
Korner, unpubl.) 



Parameter 


Diff. between 

cold versus warm grown 

alpine lowland plants 


Natural diff. 
high/low altit. 


TNC 


-h 


-h 


-h 


Sugars 


4-+ 


+-H 


-h-h 


Starch 


- 


- 


- 


Fructans 




+ 




Total lipids 






+ 


Energy content 






-H 


SLA 


- 


- 


- 


SRL 


4 


-h 


-h-l- 


LMR 


./- 


./- 




SMR 


- 


- 


— 


SOR 








RMR 


4 




44 


LAR 




- 


- 


S/R 


- 


- 


- 


RLA 


+ 


+ 


+-^+ 



TNC total non structural carbohydrates, SLA specific leaf area, SRL specific root 
length, LMR leaf mass ratio, SMR shoot mass ratio, SOR Storage organ mass ratio, 
RMR fine root mass ratio, LAR leaf area ratio, S/R above-Zbelowground ratio, JRLA fine 
root length/leaf area ratio. All mass ratios except S/R are per total plant dry mass. 
Empty space = no data, = no difference. 



the rhizosphere or to mycorrhiza under field 
conditions. 

The carbon investment data presented here 
suggest that carbon is not a particularly limiting 
resource for alpine plant growth. Such a conclu- 
sion seems to be supported by the observations by 



Diemer (1996) and Blumer and Diemer (1996) that 
alpine plants, including those from extreme high 
altitudes are able to “invest” a substantial fraction 
of their annual leaf crop in natural herbivores with 
no obvious drawbacks on performance. 
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The previous chapters have illustrated that rates of 
carbon assimilation by leaves are relatively high in 
alpine plants. Structural investments favor roots 
rather than stems, but the biomass fraction invest- 
ed in leaves is the same as in comparable mor- 
photypes at low altitude. However, interspecific 
variation in these traits is far greater than the 
mean elevational difference for communities. 
Non-structural carbon compounds (carbohy- 
drates, lipids) in tissues are so abundant - and 
often not even recovered at senescence - that 
carbon limitation appears to be an unlikely expla- 
nation for slow growth (as will be shown) and the 
small size of alpine plants (Table 13.1). Despite the 
existence of some alpine “giants” (Smith 1980, 
1994), the overall elevational trend certainly is a 
reduction of plant and plant organ size (Fig. 13.1), 
which contrasts with the high metabolic capacity 
of tissues, especially leaves. 

This chapter will consider three aspects of plant 
growth and vegetative development. It will start 
first by considering seasonal and diurnal growth 
dynamics, followed by a consideration of growth 
rates of alpine plants under controlled conditions, 
and will close with an overview of functional dura- 
tions of alpine leaves and roots. Reproductive 
growth and development will be discussed in 
Chapter 16. 

Seasonal growth 

The growth process itself has received much less 
attention than, for instance, leaf photosynthesis. 
A number of simple but important questions 
have hardly been addressed, although they may 



be equally important for carbon gain as leaf gas 
exchange. Do alpine plants produce new struc- 
tures (cells) during the whole season or only 
during part of it? When do alpine plants produce 
new structures - both day and night, or only 
during the day? Are there any thermal thresholds 
for growth? When growing at equal temperatures, 
do alpine plants grow more slowly than lowland 
plants? How long does it take leaves or roots to 
mature and senesce? Do leaf dynamics differ 
between seasonal and non-seasonal (tropical) 
alpine zones? These are some of the questions 
addressed below from the point of view of vegeta- 
tive growth. 

Season length and photoperiodism 

The length of the period of vegetative plant activ- 
ity, often termed the growth period or growing 
season, varies from 5-6 weeks in snowbed com- 
munities of the temperate and arctic-alpine zone 
to the full year at the equator. In the temperate 
zone, closed alpine vegetation commonly experi- 
ences a 10-12 week growing season, i.e. utilizes not 
more than one fourth of the year, which is related 
to the duration of the snow free period (see Chap. 
5). 

In the temperate and subarctic zone, measur- 
able plant growth commonly starts, depending on 
species, within 10 days before or after snow melt, 
and reaches peak rates very fast. The weight of 
environmental factors which control growth 
dynamics differs between the beginning and the 
end of the season. Inherent, weather independent 
controls - largely photoperiodism - assure that 
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Table 13.1. A survey of size parameters of alpine and lowland 
herbaceous plant species in the Central Alps. Means for n 
species (in brackets). (Korner et al. 1989a) 



Size parameter 


600 m 


3000 m 


Maximum plant height (cm) 


29 (17) 


4(33) 


Leaf area per individual (cm^) 


143 (16) 


16 (23) 


Area of individual leaves (cm^) 


10.3 (22) 


0.9 (33) 


Length of leaf petiole (cm) 


7.5 (16) 


1.1 (24) 



growth does not commence during, and does not 
continue into periods which, by '‘evolutionary 
experience”, would be fatal for newly grown plant 
tissue. Photoperiodic controls of the beginning of 
growth vary with microhabitat, but generally 
become less stringent as late winter progresses 
and thermal conditions become more influencial. 
For instance. Ram et al. (1988) found that growth 
initiation closely tracks spring temperature in 
142 grassland species in the central Himalayas 
(3250-4200 m). Controls of the late season termi- 
nation of growth are under much stronger pho- 
toperiodic, and less thermal control, and are much 
less variable, for obvious reasons. 

Soil and canopy warming by solar radiation 
during snow-free periods in winter must not, 
under any conditions, be mistaken by plants as 
signs of the beginning of spring. Breaking dor- 
mancy and activation of meristems would sensi- 
tize plants to freezing temperatures and almost 
certainly lead to the loss of tissue during follow- 
ing cold periods. How stringent these controls of 
winter dormancy are depends on the predictabil- 
ity of snow cover. Plants inhabiting "safe sites” (e.g. 
snowbed plants, so called chionophytes) are more 
opportunistic (i.e. less endogenously controlled) 
than plants living in open habitats. Hence, there is 
a wide range, from almost no to very conservative 
control. Excellent examples are the two evergreen 
Ericaceae shrubs Rhododendron ferrugineum and 
Loiseleuria procumbens^ inhabiting the extreme 
ends of winter snow cover gradients in the Alps. 
Rhododendron, commonly buried by deep snow, 
becomes active whenever snow disappears (or is 




Altitude (m) 

Fig. 13.1. Altitudinal variation of leaf length and leaf 
density per tussock ground area in tropical alpine 
Deschampsia klosii on Mt. Wilhelm, Papua New Guinea. 
Note the steady decrease in leaf size. Treeline is around 
3850 m and small patches of forest are found up to 4100 m 
in this area. (Hnatiuk 1994) 



removed) and temperatures permit, whereas 
Loiseleuria, found on windswept ridges, often bare 
of any snow, remains fully dormant while experi- 
encing winter sunshine and daytime canopy 
warming above 20 °C (see Fig. 4.6). Figure 13.2 
illustrates the pronounced photoperiod control of 
development in alpine and lowland genotypes of 
Taraxacum ojficinalis. In contrast, no such control 
exists in Luzula alpino-pilosa, a snowbed species, 
which synchronizes its development with lowland 
relatives when grown at a common (warm) growth 
temperature at low elevation (unpublished data). 

Once a specific photoperiod threshold has been 
surpassed, the onset of spring growth depends on 
snow cover and weather and may vary from year 
to year by more than a month. Not so the late 
season termination of vegetative activity. Waiting 
for "cool weather” signals for the completion of the 
seasonal activity cycle would be dangerous and 
would often be too late for the recovery of mobile 
resources from deciduous tissue. Therefore, most 
alpine plants from seasonal climates initiate senes- 
cence and winter bud formation largely indepen- 
dently of weather conditions, but tightly coupled 
to the photoperiod. As a consequence, the effective 
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Fig. 13.2. Example of photoperiodic control of development in alpine (2500 m) and lowland (350-550 m) subspecies of 
Taraxacum officinalis grown in a common garden at low altitude in Basel (April). Despite warm spring temperatures, the 
alpine sub-species (arrows) still “waits” for long days (in its natural habitat, the season starts at the end of June). 



length of the growing season at a given site is 
largely determined by the beginning of the season 
(snow melt). Prolonged periods of favorable 
weather late in the season have comparatively little 
influence on the effective growth period. It should 
also be noted that latitudinal differences in pho- 
toperiod reach a maximum by the end of June (end 
of December in the southern hemisphere), when 
most alpine species start to grow. The latitudinal 
differences pass through zero by the end of Sep- 
tember (or end of March), at or soon after the end 
of the extratropical growing season. 

Mooney and Billings (1961) grew latitudinal 
provenances of alpine Oxyria digyna in a common 
greenhouse and noted that the whole series of 
events from breaking of dormancy, through 
flowering and the formation of perennating buds 
was under strong origin-specific influence of pho- 
toperiod, subject to modifications by actual tem- 



perature. Heide (1992) documented a very high 
resolution (temporal precision) of photoperiodic 
sensitivity in arctic-alpine grass populations. 
Transplantation of plants to either warmer or 
equally cold but photoperiodically different envi- 
ronments can demonstrate the strength of these 
controls. A reciprocal cross-continental transpl- 
ant experiment with temperate- (47°N lat) and 
arctic-alpine (68°N lat) provenances of herbace- 
ous species showed delayed senescence in plants 
transplanted from south to north and accelerated 
senescence in those transplanted from north to 
south, compared with local populations (sites in 
Tirol, Austria, and Abisko, north Sweden; Frock 
and K5rner 1996). As part of the same experi- 
ment, temperate-alpine genotypes of Ranunculus 
glacialis were grown at subarctic lowland condi- 
tions, i.e. under the combined influence of pro- 
longed photoperiod and higher temperature. 
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Under these conditions plants started to grow so 
early, and continued flowering so long, that up to 
three instead of the normal single flower cohort 
were produced in one season. Temperate-alpine 
populations grown at the arctic-alpine site com- 
menced growth whenever snow disappeared, i.e. 
together with the local population, but continued 
to remain green for at least 2 more late season 
weeks after local populations. Until now this 
delayed senescence had no negative effect on 
fitness. In 1996, 9 years after transplantation, tem- 
perate-alpine provenances in fact did better than 
local populations, and produced a second genera- 
tion of vital seedlings under these harsh subarctic 
fellfield conditions. 

In none of the species tested did the beginning 
of vegetative growth reveal strong origin effects, 
but followed local spring warming. However, the 
initiation of flowering and senescence in particu- 
lar, reflected origin, except for representatives of 
the Rosaceae family (species of Geum and Poten- 
tilla)y which continued producing new leaves 
during the late season at all sites. Late season 
cohorts partly overwinter green in these species 
(“wintergreen forbs”). 

Aside from the timing of growth, photoperiod 
does also influence dry matter allocation and 
specific leaf area in active plants. A simulation of 
long days by photosynthetically ineffective red 
light (while providing a constant white light pho- 
toperiod) caused growth rates of grasses to 
increase, despite a reduction of photosynthetic 
capacity per unit leaf area, as was shown for Poa 
alpina (Fig. 13.3) and nordic provenances of Poa 
pratensis (Hay and Heide 1983). 

Seasonal growth dynamics 

Outside the tropics, the seasonal course of plant 
growth commonly commences by rapid expan- 
sion of preformed tissue with a gradual transition 
into a phase of new tissue production and matu- 
ration, followed by a phase of stable above-ground 
biomass (formation of buds for the next season), 
and finally a phase of leaf dieback (except in ever- 




Experi mental duration (d) 



Fig. 13.3. Effects of photoperiod and temperature on relative 
growth rate (RGR) and leaf area ratio (EAR) in subarctic- 
alpine Poa alpina. Note that both long (24 h) and short day 
(8h) treated plants received the same dose of photosynthetic 
active radiation (for 8h); long days were simulated by 
providing a very low intensity signal from incandescent 
lamps. Long day increases LAR and RGR at both growth 
temperatures. The LAR effect is hardly time dependent. 
(Solhaug 1991) 



green plants). In the temperate zone the period of 
measurable shoot enlargement is relatively short, 
commonly not exceeding 4-5 weeks irrespective of 
the duration of the snow- free period. Bliss (1956) 
compared growth dynamics of arctic and alpine 
dwarf shrubs, graminoids and forbs. In northern 
Alaska he found periods of measurable shoot 
extension of 3-6 weeks, mostly 4 weeks (only one 
grass species continued to grow for 8 weeks). In 
the alpine zone of the Medicine Bow Mountains of 
Wyoming he observed 2 to 5 weeks, again 4 weeks 
was most common. 

In the humid tropics, leaf and shoot production 
is continuous. Hnatiuk (1994) reports that he 
never observed any pronounced seasonal death of 
leaves in tussock grasses on Mt. Wilhelm, New 
Guinea, even though he noted some rhythms asso- 
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ciated with the change from the wet to the less wet 
season in this ever humid tropical-alpine climate. 
Diemer (1998a, b) observed year round leaf pro- 
duction in 16 herbaceous species and five shrubs 
in the Ecuadorian paramos at 4000 to 4600 m 
altitude. 

The mean duration of leaf unfolding (from first 
sign of a leaf to the end of lamina extension) in 
herbaceous alpine plant species in the Alps is 25 ± 
3 days versus 27 ± 1 days in comparable lowland 
forbs (12 alpine and 16 lowland species; Frock 
1994). Thus, the dynamics of leaf development are 
very similar despite the fact that final lamina 
length and leaf area differ by factors of 3 and 
nearly 10 respectively. Frock also found that the 
duration of leaf extension varies only little among 
different leaf cohorts or with total leaf life span 
(see later). According to Diemer et al. (1992) and 
Frock’s work, leaf dieback commonly takes half as 
long as leaf expansion (mean 11-12 days), but may 
be accelerated or interrupted by bad late season 
weather. No altitudinal variation of the duration of 
leaf dieback was found in these studies. Figure 13.4 
illustrates the seasonal course of shoot biomass in 
Carex curvula, which again reflects the relatively 
short period of aboveground tissue production in 
the early season. 

For obvious reasons, much less is known for 
alpine root dynamics and the limited evidence 
available to date is largely of an indirect nature, 
because direct observation of living roots in situ is 
very difficult. It has long been known that any 
restriction of root growth has immediate conse- 
quences for shoot growth and that these interac- 
tions are not simply a consequence of reduced 
nutrient acquisition by roots. Flants may become 
dwarfed even when for instance, spatially restrict- 
ed roots (in small pots) are flushed with nutrients 
and hormonal signals have been shown to be 
involved (e.g. Carmi and Heuer 1981). Clearly root 
system expansion is a function of soil temperature 
which influences both growth and developmen- 
tal processes (e.g. Kaspar and Bland 1992). One 
of the major problems in the interpretation of 
root responses to their environment is the steep 
thermal gradient often found in soils, alpine ones 




Fig. 13.4. The seasonal course of shoot biomass of Carex 
curvula at 2500 m in the Swiss Alps. Note that individual 
shoots of this sedge live several years and bear 3-4 leaves 
(see Figs. 8.4 and 11.13). Their belowground apex produces 
one to two new leaves every year. Leaves die back to the 
ground surface each fall but resume growth for two to three 
more seasons until their basal meristem dies. Hence, annual 
aboveground shoot biomass production is a combination of 
birth of new leaves and re-growth and dieback of older 
leaves. The diagram illustrates the in situ amplitude of 
growth between a rather warm (1992) and a cool season 
(1993). Fertilization (data not shown) caused total biomass 
per unit land area to double and delayed dieback. (Schappi 
1996) 



in particular (see also Chaps. 4 to 6). The very 
same root with its active tips exploring different 
soil horizons may pass through a soil temperature 
profile from 25 °C at the top to a few degrees above 
zero in the deeper profile. Also, opposite gradients 
may occur with the topsoil chilled and warmth 
still stored at greater depth. In view of such gradi- 
ents thermal acclimation and activity of roots are 
difficult to predict, and a better understanding 
of the functioning of alpine roots certainly 
awaits much more sophisticated experimental 
approaches. 

Callaghan et al. (1991) reviewed the available 
evidence on cold climate root dynamics with an 
emphasis on tundra soils, but some of their con- 
clusions are likely to be relevant for roots of alpine 
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plants as well. While permafrost, water-logging 
and soil frost heaving are less abundant in alpine 
compared with arctic environments (see Chap. 6), 
short season, low early and late season soil tem- 
peratures, soil acidification and shallow profiles 
are common attributes. Because soil surfaces 
are mostly less wet and less densely covered by 
mosses, lichens or litter at alpine compared with 
low tundra habitats, soil heat flux is greater and 
soil warming may be substantial at mid season. 

Root growth in arctic soils had been docu- 
mented at temperatures approaching 0°C. Chapin 
(1974) reported optima for root initiation of 5°C 
in Eriophorum and optima for root elongation 
between 5 and 10 °C for several wet tundra 
graminoids. Under controlled conditions plants 
were observed to grow at -0.5 °C (Billings 
et al. 1977) and ranges of elongation of 0.2 to 
2.5 mm d"^ have been observed below 5°C (Bliss 
1956). Root dynamics in the field appear to have 
been hardly studied. Mahr and Grabherr (1983) 
installed root windows in an alpine sedge com- 
munity and noted a range of mean daily root 
extension rates between 1.0 and 3.7 mm, with a 
major peak at the beginning of the season (when 
soils are still cool), low rates at mid season (when 
soils reach peak temperatures) and a second 
smaller peak in the late season (Table 13.2). Hence, 
soil temperature per se appears to be an unreli- 
able predictor of seasonal growth dynamics in 
alpine roots, and seasonally varying temperature 
responses of root growth are to be expected, as is 
known for conifers from cold climates. 



Table 13.2. Dynamics of root length growth (mmd“^) in an 
alpine sedge community at 2500 m altitude in the Alps (root 
window observations). (Mahr and Grabherr 1983) 





1977 


1978" 


Early season 


3.7 ± 2.5 


1.5 ± 0.6 


Peak season 


1.2 ±0.5 


1.0 ± 0.4 


Late season 


2.3 ± 1.1 


1.6 ± 0.4 



^ The generally lower rates in 1978 possibly reflect a late dis- 
turbance effect due to the installation of the root observation 
box. 



Diurnal leaf extension 

This is a subject hardly ever touched, but of great 
importance for the understanding of alpine plant 
life. Do leaves of alpine plants grow (expand) at 
night? If not, they lose an important fraction of 
time for carbon investments compared with 
lowland plants. A number of investigations at low 
altitude revealed a strong influence of temperature 
on instantaneous leaf and shoot extension (for ref- 
erences see K5rner and Woodward 1987), but to 
my knowledge, auxanometers have been used only 
twice to monitor growth dynamics in alpine alti- 
tudes with sufficient resolution. Senn (1922) used 
Pfeffer’s classical mechanical auxanometer at 2450 
m altitude in the Swiss Alps on Hieracium and 
ArnicUy and he could not detect any night-time 
growth in leaves, while day-time growth dynamics 
yielded no consistent picture for the two dicots he 
studied, although expansion was clearly detectable 
with this simple device. In a second attempt, in situ 
growth dynamics were recorded with electronic 
displacement transducers in the Tirolian Alps 
(Woodward et al. 1986; Kdrner and Woodward 
1987). The following results were obtained. 

The rates of leaf extension growth in five 
species of Poa typical for the altitudes of four 
experimental sites between 600 and 3000 m alti- 
tude show a very pronounced dependency on 
meristem temperature (1-2 cm below ground 
surface). Lowland plants grew day and night, irre- 
spective of temperature and night-time rates 
during warm summer weather were half the day- 
time rates (maximum temperature 26 °C, 
minimum 14 °C), and still reached one fifth of 
daytime rates during cool and rainy weather 
(maxima 14°C, minima 11°C). Periods of bright 
midsummer weather with relatively mild nights 
between 2600 and 3000 m altitude (maximum 
meristem temperature 24 °C, night-time minimum 
6°C) permitted night-time rates of growth of 
about one fifth of peak daytime rates. During bad 
weather conditions (temperatures <3°C) almost 
no growth occurred. 

In situ low temperature thresholds for leaf 
extension growth were between 5 and 7 °C at low 
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altitude, and around 0 °C at highest alpine altitude. 
At low altitude, the critical temperature for zero 
extension growth never occurred in midsummer. 
However, the much lower threshold temperature of 
alpine plants was regularly reached in the field, 
and thus caused low temperature to block growth 
during adverse weather. At temperatures above 
20 °C, rates of leaf extension in lowland species 
reach twice the rates of alpine species (Fig. 13.5, 
upper diagram). Clearly, alpine leaf growth is 




Fig. 13.5. Upper diagram: in situ leaf extension growth in 
Poa species native to different altitudes. Alpine species are 
able to grow at comparatively low temperatures, but growth 
rates are only half those of lowland species at high 
temperatures (Korner and Woodward 1987). Lower diagram: 
temperature responses of leaf extension rate of Poa species 
of different altitudinal preferences but collected at one site at 
medium altitude where these species coexist naturally. Plants 
were grown in a growth chamber at 15°C and subjected to 
temperatures between 0 and 26 °C. Responses reflect the 
trend (arrows) seen in the upper diagram for field-grown 
plants. (Woodward and Friend 1988) 



restricted much more by actual temperatures than 
is leaf growth in lowland plants. 

A rather unique possibility for testing the 
genetic nature of such trends is on river banks at 
medium altitude where low and high altitude taxa 
coexist naturally. Under such conditions, species of 
high altitude origin exhibited low temperature 
thresholds of extension growth of between 2 and 
3 °C compared with thresholds of between 6 and 
7°C for species commonly found at much lower 
altitudes (Woodward et al. 1986). This study 
included, besides Poa sp., species of the genera 
Agrostisy RumeXy Polygonumy Achillea and Anthyl- 
lisy hence illustrating that an altitude specific 
genetic differentiation does exist in both grasses 
and dicotyledonous taxa. On these river banks, 
300 m below the treeline, growth of alpine species 
was not significantly restricted by night-time tem- 
peratures, but that of lowland species was. In all 
cases leaf extension growth was tightly coupled to 
temperature, and thus closely followed the diurnal 
temperature course. 

The above analyses of extension growth in the 
field revealed 20 °C leaf extension rates of lowland 
Poa of 0.25mmh"S and 0.13 mmh~^ in Poa grow- 
ing at highest altitudes (Korner and Woodward 
1987). Alpine species always grew slower than 
lowland species unless temperatures dropped 
below 10 °C, where the difference was reversed 
(Fig. 13.5). Mean daily sums of lamina length 
increments in the main leaf cohort of herbaceous 
dicotyledonous species were found to be 1.2 mm 
d"^ at alpine sites (2600 m) compared with 2.8 mm 
d"^ at low altitude (across all weather conditions; 
manual measurements in the Tirolian Alps; Frock 
1994). 

These field data confirm results of earlier 
studies with alpine taxa obtained under growth 
chamber conditions (Woodward 1975, 1979a), and 
observations were also repeated in a subsequent 
growth chamber study, again with Poa (Fig. 13.5, 
lower diagram). Thus, alpine plants are able to 
maintain leaf extension growth at lower tempera- 
tures than lowland plants, but rates at high tem- 
peratures are much lower than in lowland plants. 
Night time or bad weather conditions at high 
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alpine sites (unlike at lowland sites) severely con- 
strain leaf growth, and thus the investment of 
carbon assimilates. 

Rates of plant dry matter 
accumulation 

Following from these phenological and biometric 
studies with high temporal resolution, growth 
analysis, using sequential harvest of alpine and 
lowland species grown under controlled condi- 
tions, revealed differences pointing in the same 
direction, but alpine/lowland comparisons are not 
straightforward. When a certain alpine species is 
compared with a certain lowland species, taxo- 
nomic, i.e. species specific effects, cannot be 
ruled out. Comparisons between altitudinal pro- 
venances within a species are also inadequate, 
because the comparison would always include 
individuals from marginal versus those from habi- 
tats central to the range of the species (see Chap. 
1). Finally, such comparisons would only be valid 
if species or populations were investigated under 
their natural temperature regime and photoperi- 
od. Ignorance of the latter could completely flaw 
results, as was shown by Fleide and coworkers (see 
above). The only solution to this dilemma would 
again be broad screening and looking at frequen- 
cy distributions of traits both under adequately 
controlled greenhouse or growth chamber condi- 
tions and in the field, but such data are not yet 
available. The following account will therefore rest 
on controlled environment studies. 

Graminoids. Woodward (1979b) grew the 
lowland species, Dactylis glomerata and Phleum 
bertolonii and British upland provenances of 
Phleum alpinum and Sesleria albicans at 10 and 
20 °C and optimal nutrient supply. Species specific 
responses of relative growth rate (RGR, the dry 
mass increment per day relative to the mass at the 
beginning of the day) of seedlings overshadowed 
any origin specific trends. While the two Phleum 
species and Dactylis did not significantly differ in 
RGR (a mean of 0.18 at 20 °C after 2 weeks), Sesle- 
ria grew only half as fast at any temperature (0.08 



at 20 °C). After 2 weeks of growth, the Qio of RGR 
was 2.0 and 2.2 for the lowland species and 1.7 and 
1.8 for the upland species. Atkin et al. (1996a) com- 
pared RGR in hydroponically grown Poa species of 
contrasting altitudinal origin at 20 °C. While their 
three Dutch lowland species grew by a mean RGR 
of 0.21, the two Australian alpine species exhibit- 
ed RGR of 0.12. It needs to be noted that the alpine 
species selected here form tussocks of festucoid 
leaves, morphologically different in every respect 
from those of the lowland species, which limits 
comparability. In both these studies, differences in 
RGR were explained by differences in specific leaf 
area (SLA) and not in photosynthesis (see Chap. 
12). In a similar experiment, Atkin and Day (1990) 
compared RGR in a pair of Rocky Mountains 
Luzula species (alpine: I. acutifolia ssp.nana; 
lowland: L. campestris) and arrived at 0.067 for the 
alpine and 0.079 for the lowland species. 

By comparing biomass accumulation in Swiss 
high altitude provenances of Poa alpina (2500 m) 
with lowland provenances of Poa pratensis (500 m) 
under both their respective native growth temper- 
atures, and common temperatures in a low nutri- 
ent substrate over 2 months of peak season growth 
(A. Larigauderie and K5rner, unpubl.) mean 
increments of 0.038 for R alpina and 0.050 for P. 
pratensis were obtained. Remarkably, growth tem- 
perature had no effect on either species, i.e. accli- 
mation was perfect (Qioof mass increment = 1). 
However, this is not a valid expression of RGR 
because, by definition, RGR requires short obser- 
vation intervals, which do not include ontogenet- 
ic effects, as the data here do. But taken together. 
Woodward’s Sesleria, Atkin’s Australian Poa and 
American Luzula, and the Swiss Poa data do 
suggest inherently slower growth rates at common 
18-20 °C in alpine grasses, compared with lowland 
grasses, but the data base is clearly narrow and still 
inconsistent, and growth conditions were rather 
artificial. 

Dicotyledonous species: Less is known about 
RGR for alpine versus lowland forbs. Relatively 
small differences were reported by Atkin and Day 
(1990) for pairs of alpine versus lowland Ranun- 
culus (0.061 versus 0.084) and Plantago (0.081 
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versus 0.104), again grown at equally warm tem- 
peratures. RGR during the first month of life of 
seedlings of four alpine and five lowland forb 
species from the Tirolian Alps grown at close to 
natural growth conditions were 0.074 and 0.094 
respectively (at ca. 18 °C), and were almost indif- 
ferent at 9°C with RGRs of 0.051 and 0.055 (A. 
Schober and Korner, unpublished). Arabis alpina 
from 2600 m altitude and Arabis hirsuta from 600 
m altitude, grown together from seed on a pre- 
cisely controlled temperature gradient from 9 to 
22 °C, both showed no germination or growth 
below 9°C, and A. alpina grew faster at any tem- 
perature <9°C (RGR at 20-22 °C of 0.124 in A.a. 




Fig. 13.6. The response of seedling growth of Arabis alpina 
(seed from 2600 m altitude in the Alps) and Arabis hirsuta 
(seed from 600 m) to a controlled temperature gradient. 
Plants were grown in fertile substrate in pots inserted into 
U-shaped aluminum bars whose ends were kept at 9 and 22 
°C. The diagram shows data from three consecutive harvests 
{arrows at the top). Germination did not significantly differ 
between species. Embryo dry weight, specific leaf area, leaf 
mass ratio and % leaf N were 76 jig, 6.9 dm^g“\ 50% and 
3.7% in A. alpina and 66 jig, 6.4dm^g“^ 63% and 4.5% in 
A. hirsuta. The alpine species always grew faster, but the 
difference is greatest at low temperatures (-1-110 vs -1-50%; 
unpubl.) 



compared with 0.093 in A.h.; Fig. 13.6). However, 
at the cold end of the gradient the difference in 
carbon gain between A. alpina and A. hirsuta was 
greatest. This example illustrates that the short- 
term growth potential of alpine plants is not 
always smaller than that of lowland species and 
that temperature optima for growth may not 
always differ greatly. 

Data for longer term accumulative growth at 
two temperatures are shown in Table 13.3. Plants 
were grown from established seedlings in solar 
domes (91% of full solar radiation) during peak 
season. These data show that effects of plant nutri- 
tion on growth override influences of origin or 
temperature. At very low nutrient supply, biomass 
differences between alpine and lowland species 
were dramatic, but were rather small at high nutri- 
ent supply. At high nutrient supply, alpine plants 
growing at 9°C require one third more time to 
reach the same leaf plastochron (number of visible 
leaves) than at ca. 18 °C. Lowland plants are slowed 
down by low temperature even more. 

These data for forbs (except those for Arabis in 
the thermal gradient study mentioned above) 
seem to be in line with those presented for 
graminoids as long as only fertile and warm 
growth conditions are considered. In both cases, 
alpine species grow slightly slower than lowland 
species. Much larger origin related differences may 
be found under nutrient shortage, and differences 
can become reversed at low temperatures (i.e. 
alpine species growing faster than lowland 
species). Given the strong interaction between 
nutrient supply, origin and temperature response 
of growth, as illustrated by Table 13.3, it appears 
that laboratory data obtained under fertile condi- 
tions and only one (high) temperature can tell us 
little about the growth controls in alpine plants. A 
common denominator of both the studies of leaf 
expansion and whole plant growth seems to be 
that growth temperature exerts opposite effects at 
high and low temperatures: at high temperatures 
lowland plants grow faster than alpine plants and 
at very low temperatures, alpine plants grow faster 
than lowland plants. At some intermediate tem- 
perature, both groups may be found growing at 
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Table 13.3. Mean biomass accumu- 
lation (mg of dry weight) in alpine 
and lowland herbaceous species (seeds 
from 2600 m and 500 to 600 m altitude 
in the Alps of Tirol) grown in solar 
domes at close to natural field temper- 
atures (T) and at reciprocal tempera- 
tures. Numbers in brackets refer to the 
number of days elapsed since germi- 
nation. (A. Schober and Ch. Korner, 
unpubl.) 





Low nutrients 


High nutrients 




Low T 


HighT 


Low T High T 


Alpine species (n = 4) 


17 (71) 


22 (56) 


643 (100) 569 (70) 


Lowland species (n = 8) 


83 (71) 


147 (50) 


784 (105) 849 (69) 



Low T 8-1 1 °C; High T 17-20 °C (daily minimum and maximum soil temperatures; on 
sunny days maximum leaf temperatures may be 1-2 K warmer). Low nutrients 1:1: 
1 sand, peat and low N garden soil, 0.3 1 per pot; High nutrients the same mix but with 
100 g Osmocote complete slow release fertilizer pellets per m~^ of soil. Mean mass of 
seeds was 0.45 mg in high and 0.94 mg in low altitude species. Plants from different 
temperatures within each nutrient treatment were harvested at the same develop- 
mental stage (equal plastochron). 



equal rates. Hence, results of the study of inherent 
growth characteristics of alpine and lowland 
plants depend on the common experimental tem- 
peratures chosen. 

Functional duration of 
leaves and roots 

As mentioned above, the life spans of leaves and 
roots co-determine the carbon and nutrient 
balance of plants. Functional leaf life span is 
defined here as the time elapsed between appear- 
ance (“birth”) of a leaf and the end of its func- 
tional duration, i.e. the time when senescence has 
progressed so far that more than 5% of the leaf 
area becomes chlorotic. Total life span includes the 
continued duration of leaf senescence until 95% 
browning or abscission. Within the active part of 
a leaf’s life there are two distinct phases: leaf 
expansion (until full lamina size is reached) and 
the mature life phase. Since the speed of senes- 
cence strongly reflects late season weather con- 
ditions, only the functional leaf duration is 
considered here (not meaning that the final part of 
leaf senescence has no function). 

The mean functional leaf duration in herba- 
ceous alpine plant species in the temperate zone 
(Alps) was found to vary, depending on year and 
habitat, between 68 ± 4 days (Diemer et al. 1992, 16 
species) and 87 ± 7 days (Frock and K5rner 1996, 
14 species), statistically indifferent from the 71 ± 4 



days (Diemer et al. 1992, 13 species) and 78 ± 4 
days (Frock and Korner 1996, 16 species) found in 
comparable wild lowland species. The year to year 
variation of leaf life spans was within ±15%, 
and means of leaf duration range from 41 days in 
Polygonum viviparum to 93 days in Ranunculus 
glacialis (with a similar range in low altitude 
species). Flants grown in isolation in garden plots 
have longer leaf life spans, an effect enhanced 
when fertilizer is added (Frock 1994). Hence, if 
data from natural habitats are compared, mean life 
span of leaves, interspecific variability and the 
range of life spans of leaves were not different 
between these populations separated by 2000 m of 
altitude. A comparable group of arctic-alpine 
herbaceous species from 1040 m altitude in north- 
ern Sweden averaged at 67 + 4 days leaf duration 
(seven species; Frock and Korner 1996). Thus, 
herbaceous alpine plants from these strongly sea- 
sonal mountains have a functional leaf duration of 
about 10 weeks. 

Late snowbeds are a special case where plants 
of the same species are exposed to variable season 
length. According to Kudo’s (1996a) analysis in 
Japan, leaf life span in species of Peucedanum, 
Potentilla and Sieversia (all herbaceous) decreas- 
es in proportion to the length of the snow-free 
period (leaf life spans of 40 to 84 days within total 
snow-free periods of between 67 and 117 days). 
With decreasing leaf duration, leaf N concentra- 
tion and specific leaf area increase, similar to what 
is observed along latitudinal gradients of season 
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length (Chap. 10). The opposite is seen in ever- 
green shrubs, which extend their leaf duration (as 
measured by number of seasons), the shorter the 
snow-free period (Kudo 1992). 

A fractionation of alpine leaf duration into the 
phase of leaf expansion and the mature phase 
revealed that leaf duration is a function of the 
mature life span (Frock 1994). As mentioned 
above, the durations of leaf expansion (25-27 
days) and leaf dieback (ca. 12 days) are rather 
invariable and only loosely correlated with total 
life span. The functional duration of temperate 
zone herbaceous alpine leaves correlates weakly 
with leaf nitrogen concentration. The longer leaves 
remain active, the lower is the mean concentration 
of nitrogen per unit of dry weight. However, since 
longer-lived leaves tend to be thicker, there is no 
correlation between leaf life span and leaf nitro- 
gen content per unit leaf area (Diemer et al. 1992). 
The small range of leaf life spans among temper- 
ate zone herbacous alpine plants is one of the 
explanations as to why correlations with other leaf 
traits (%N, SLA) are poor. However, when put into 
a global context (Reich 1993) leaves of alpine 
plants match the general relationship between leaf 
duration, leaf metabolic activity and leaf allome- 
try (Reich et al. 1997). 

Longevity of ‘Wergreen” leaves in arctic-alpine 
and temperate-alpine species varies between 1.4 
and 3.8 seasons (16 species, Karlsson 1992) and 
does not reveal any altitudinal trend, but longevi- 
ties (when measured by number of seasons) tend 
to be longer at polar, compared with temperate lat- 
itudes. However, it is difficult to compare leaf 
longevities between climates of different season 
length, because it is unclear how the dormant 
season should be treated. Counting years of dura- 
tion is certainly misleading, but counting seasons 
is also problematic if season length differs. Func- 
tional duration might be better counted in weeks 
or months, but how does one account for the dif- 
ferent “qualities” of weeks or months? Early and 
late season periods, when herbaceous plants have 
not yet emerged or have senesced, have different 
weight compared with midseason periods. When 
Karlsson found no altitudinal difference in leaf 



longevity in terms of numbers of seasons, this 
meant that the functional duration was in fact 
shorter (7-14 months) at high than at low altitude 
(11-30 months) in the ericaceous shrubs he 
studied. It is well known that conifers retain 
needles much longer at high altitudes. But a simple 
calculation illustrates that the functional duration 
does not necessarily differ. In the Alps, Picea abies 
near the treeline with a 5 month season, retains 
needles 10-12 years, i.e. ca. 55 months compared 
with 6-8 years at the 8 month season at low alti- 
tude, which corresponds to ca. 56 months. 

An interesting “natural experiment” for testing 
the influence of season length on alpine leaf traits 
is the latitudinal comparison of alpine species 
growing at similar temperature conditions. Is 
alpine leaf longevity determined by (1) season 
length, (2) the need for a new leaf position in 
the canopy (because of intra- or interspecific leaf 
shading), (3) nutrient shortage and the need 
for re-allocating mobile leaf compounds, or (4) 
because of leaf damage (wearing, pathogens, 
epiphylls etc. )? Points (2) and (3) are linked. 

The most detailed study of alpine leaf dynam- 
ics, which included the equatorial tropics, was that 
by Diemer (1998a, b). The mean leaf duration (in 
this case including the phase of leaf senescence) of 
16 herbaceous species between 4000 and 4600 m 
altitude in Ecuador was 193 ± 19 days compared 
with 80-90 days for comparable forbs in the Alps. 
Hence, life spans are more than doubled in the 
tropics, despite the fact that the tropical-alpine 
temperatures and radiation are very similar to the 
growing season means of the temperate zone 
(Diemer 1996, see Chap. 4). Diemer also noted 
that the interspecific variabilty of leaf longevity 
increased substantially with decreasing latitude 
(Fig. 13.7). Hence, it appears that leaf duration 
becomes increasingly season dependent, the 
shorter the season (the above point 1). If there is 
no season length constraint, plant life strategy 
determines leaf longevity, which apparently 
permits a broad suite of options, reflected in the 
wide ranges of alpine leaf life spans seen in the 
alpine tropics. Apart from the endless season, 
greater leaf longevities in the tropics appear to be 
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Fig. 13.7. The latitudinal variation of total leaf life span 
from leaf appearance to leaf death, i.e. including a mean 
duration of leaf senescence (which is known to last ca. 11-12 
days in extratropical latitudes) in herbaceous alpine plants. 
Note the association with season length at high latitude and 
the greater range at low latitude. (Data from Diemer et al. 
1992; Frock and Korner 1996; Diemer 1998a) 



associated with the greater carbon investments 
per unit of leaf area (K5rner 1989b). Also, the 
shorter daylength of only 12h in the tropics com- 
pared with 15 h in the temperate zone alpine 
summer and 24 h experienced by arctic-alpine 
plants diminishes the photosynthetically effective 
latitudinal difference in mean leaf longevity 
(Diemer 1998a). 

For shrubs at 4060 m altitude Diemer (1998b) 
reports leaf life spans of 4-22 months. He con- 
cluded that it is inappropriate to distinguish 
deciduous and evergreen habits in tropical alpine 
plants. Leaf longevity correlated with mass based 
nitrogen concentration but not with nitrogen 
content per unit leaf area, once more, because long 
lived leaves are thicker (have lower SLA) than 
short lived leaves. Among the sample of Ecuadori- 
an shrubs studied by Diemer, leaf persistence was 
only very vaguely related to particular leaf traits 
such as nitrogen concentration or specific leaf 
area. Disregarding the dormant season, the 7-19 
months of active leaf duration in evergreen erica- 



ceous shrubs mentioned above for higher latitudes 
g falls midway in the tropical range, 
c No immediate correlation was observed 
tg between leaf life span and the rate of leaf initia- 
g tion in the tropics. On average, 1.6 herbaceous 
05 leaves were initiated per month in Ecuador 
~ (Diemer 1998a). In the temperate zone, leaf 
2 appearence is pulsed, so that the initiation rate 
^ per month would be 3-4 per month at the begin- 
^ ning of the season, and close to zero later on. 
S Diemer calculated a mean for the whole temper- 
^ ate season in the Alps of 1.4 leaves per month, 
similar to the continuous rate he found in the 
tropics. 

In summary, alpine leaf duration shows a wide 
spectrum in the tropics and a much narrower 
range in the temperate and arctic-alpine zone. 
Within the tropics, and within the high latitude 
regions for which altitudinal data exist, there 
appears to be nothing unusual about leaf duration 
in alpine plants. Neither herbaceous, nor woody 
alpine species appear to have leaf durations 
significantly different from those also found at 
lower altitudes of the respective regions (for 
lowland tropics see Reich 1993). 

At temperate and higher latitudes the pattern 
seen for herbaceous plants and evergreen dwarf 
shrubs differs from the one seen in deciduous 
trees and shrubs, where species from genera 
such as Betula, SorbuSy LariXy Vacciniuniy RibeSy 
Lonicera etc. have to complete their annual cycle 
with much shorter leaf duration at high rather 
than low altitudes. 

Data from the temperate zone indicate that 
alpine species respond to season length by adjust- 
ing leaf duration. In contrast, the longer duration 
of growth in herbaceous lowland species of higher 
latitudes is associated with the production of mul- 
tiple leaf cohorts. Late snowbed species at high lat- 
itudes are a very special case; they have to survive 
with extremely short leaf duration, similar to what 
may be seen in hot desert ephemerals. In herba- 
ceous plants such short life spans have been shown 
to coincide with very low carbon investment per 
unit leaf area and high leaf N concentration 
(Korner 1989b; Kudo 1996a). 
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Root turnover depends on life form (shrub, 
forb, graminoid), species, and type of root. Massive 
tap roots may live as long as the plant lives, 
whereas fine roots maybe replaced annually. Some 
cold climate species have been shown to replace 
two thirds of their fine roots every year (e.g. the 
arctic grass Phippsia algida; Bell and Bliss 1978), 
while in others most roots survive 5-6 years 
(Shaver and Billings 1975). Data for temperate 
alpine herbaceous species by Bell and Bliss suggest 
fine root survival for 3-4 years (e.g. Ranunculus, 
Alopecurus) and survival of 7 to 10 years was esti- 
mated for the adventituous roots of some Carex 
and Luzula species. Schappi and Korner (1996) 
found the annual increment of fine root biomass 
in ingrowth cores in alpine heath dominated by 
Carex curvula to represent one sixth of the total 
root biomass in undisturbed soil. By comparing 
different methodological approaches, Mahr and 
Grabherr (1983) arrived at 20 years of root dura- 
tion in this species, and they concluded that main 
roots are possibly as old as the rhizome section 
from which they emerge. In Fig. 12.6 it was shown 
that the main roots of Carex curvula retained an 
undiluted carbon isotope label 2 years after label- 
ing. Active, 11-year-old roots were found by Jons- 
dottir and Callaghan (1988) in Carex bigelowii and 
Callaghan et al. (1991) refer to a number of studies 
in which even longer-lived roots in shrubs and 
tap-rooted species were observed (see the reports 
of alpine root morphology by Daubenmire 1941 
and Holch et al. 1941). 

Although turnover of younger, more active 
side- or adventitous roots is much faster, one can 
safely conclude that overall life spans of roots in 
cold alpine soils exceed those in warmer regions. 
This greater root persistence is the most plausible 



explanation for the greater root masses found in 
arctic and alpine, compared with temperate 
lowland plants (see Chaps. 12 and 15). As was men- 
tioned in Chapter 12, roots of such cold soils are 
generally thinner than in warm soils, although low 
temperature tends to enhance thickening within a 
given species or ecotype. Hence, it appears that 
alpine root dynamics contrast with alpine leaf 
dynamics, a difference obviously associated with 
the contrasting chances of survival during the cold 
season above and below the ground. 

In conclusion, the data presented in this chapter 
(which concentrated on individual plants and 
their leaves and roots) do provide some, but not 
exhaustive explanations for small plant size and 
low community productivity in alpine altitudes. 
Even when compared under optimized growth 
conditions, alpine plants commonly grow slower 
than lowland plants. There is no obvious growth- 
related reason why tropical-alpine plants are not 
taller than comparable temperate-alpine and sub- 
arctic-alpine plants. Although leaf dynamics 
appear to be increasingly linked to the length of 
the growing season the shorter the season 
becomes, neither the rate of leaf initiation nor the 
rate of leaf expansion seem to be latitude (season 
length) specific. 

Whether rates of leaf or root expansion and 
biomass accretion are slower in alpine compared 
with lowland plants depends on the temperature 
range considered. At common high temperatures, 
alpine plants mostly grow slower, but at a common 
low temperature they grow faster than lowland 
plants. It seems that growth controls other than 
those conventionally included in functional plant 
growth analysis must be considered to explain 
alpine dwarfism, the topic of the next chapter. 
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Cellular aspects of growth have traditionally 
not been part of alpine plant ecology. It was 
perhaps taken as self-evident that once plants 
are in an active phase of life and sufficient 
carbon assimilates are present at meristems, 
plants would grow new cells. But this is not 
necessarily so. The formation of new cells 
involves a suite of synthetic steps, all potentially 
as sensitive, or even more so, to low temperature 
than the production of the raw materials for cell 
formation, photosynthates and amino acids in 
particular. 

To grow new tissue requires: 

1. Multiplication of genetic information and of 
embryonic cells, 

2. Accretion of cell mass, in essence the formation 
and differentiation of a cell wall and function- 
al cell organelles, 

3. The energy to fuel these synthetic processes, 
provided by growth respiration. 

At a certain low temperature, none of these 
processes will operate. The question is whether 
all three are similarly limited by low temperature, 
and whether these limits are higher or lower 
than those for photosynthesis. The process with 
the greatest temperature sensitivity will be the 
bottleneck of growth at low temperature. This 
brief account of ecological aspects of develop- 
mental biology of alpine plants will be based 
on very few facts, but should point at some of the 
least understood aspects of plant growth in cold 
climates. 



Cell size and plant size 

Why are alpine plants, their leaves in particular, so 
small? Do they consist of smaller cells or less cells? 
The answer is short and simple: the cells are not 
smaller than in lowland plants (Fig. 11.3), in fact, 
there is even a trend in some very high altitude 
species to have unusually big cells making up their 
tissues (K5rner et al. 1989a). Consequently, alpine 
plants and their leaves consist of a smaller number 
of cells than plants from low altitude; they produce 
less cells. Even the most extreme forms of natu- 
ral alpine plant dwarfism (Fig. 14.2), but also 
artificially dwarfed plants such as Bonsais do not 
exhibit reduced cell size (Korner et al. 1989c). Cell 
size is a most conservative characteristic and is 
maintained (within certain bounds) irrespective 
of whether plants are phenotypically or genotypi- 
cally small, and irrespective of whether plant 
dwarfism is a response to drought, nutrient short- 
age, high light stress or low temperature (Korner 
and Pelaez Menendez-Riedl 1989). As an example. 
Fig. 14.2 shows quite “normal” cell size in what are 
possibly the smallest mature terrestrial higher 
plants on earth, collected in the high Andes. Stress- 
induced or genotypic variations in leaf size within 
a given higher plant species or across species are 
largely controlled by the number of cells pro- 
duced, and not, or to lesser extent, by variations in 
the final size of cells. 

In Chapter 13 it was reported that leaf forma- 
tion in herbaceous species takes roughly 3-4 
weeks from first appearance to mature size, both 
at high alpine and lowland elevations in the tem- 
perate and subarctic zone. Most of that time is 
required for step two of tissue growth (see above). 
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Fig. 14.1. The world of dwarfs. What causes small size and slow growth in plants at such high elevations? The photograph 
shows a valley at 4200 m altitude in the Cumbres Calchaquies Mountains of northwest Argentina where some of the world’s 
tiniest angiosperms grow. The two miniature specimen of Oxalis and Geranium (and others in Nototriche, Muehlembergia, 
Draba and Crassula not shown), are fully mature and produce seeds (for cell size see Fig. 14.2). These plants were collected 
on the rocky outcrops in the center of the valley (a site discovered by S. Halloy) 




Fig. 14.2. The cell size in leaves of the dwarf Oxalis species 
from 4200 m elevation shown in Fig. 14.1 is not different 
from that in a large congeneric species collected at only 
3000 m elevation in the same area, and neither are different 
from the mean for all alpine and lowland forbs examined in 
Fig. 11.3. Alpine dwarfism is not associated with small cell 
size 



because cell division is completed when leaves 
have reached 30-40% of their final size, and most 
cells are produced during the earliest phase of leaf 
life (<10% of final size, Dale and Milthorpe 1983; 
Fig. 14.3). Since alpine plants produce similar (or 
smaller) numbers of leaves per flush, and since the 
mean area of a single leaf is about ten times 
smaller in alpine compared with lowland forbs 
(Korner et al. 1989a), the average alpine leaf con- 
tains up to ten times fewer cells (depending on leaf 
thickness), and also produces up to ten times 
fewer mature cells per unit time. 

The size of leaves is determined at a very early 
stage of leaf growth (Fig. 14.3), and it has been 
known for many years that the termination of epi- 
dermal cell production, i.e. the formation of the 
envelope of the final organ, is a key factor in size 
control (Dale 1988). Alpine plants do not seem to 
be an exception. Epidermal cell division (except 
for stomata formation) has been found to cease 
long before mesophyll cell division in both alpine 
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Leat development in Geum reptans, Alps 2600 m 




Fig. 14.3. Cross sections of leaves of Geum reptans at 
different developmental stages (samples taken from a site at 
2600 m in the Alps). Note that most cells are present when 
the leaf has reached 8% of its final leaf area, so leaf 
enlargement to 100% size is largely a result of cell expansion 
and formation of intercellular spaces (Korner and Pelaez- 
Mendendez Riedl 1989) 

and lowland forbs (Korner and Pelaez-Mendendez 
Riedl 1989). If cell numbers, and thus leaf size, are 
determined at such an early stage of leaf develop- 
ment, it cannot be the rate of resource supply (e.g. 
photo-assimilates) that controls the mature size 
of an individual leaf (resource demand is very 
small at the time when cell number is fixed). 
Rather, a program must be carried out that 
reflects the overall resource supply status of the 
whole plant within the limits of its genotypic 
size control. As mentioned earlier, cell size varia- 
tion is relatively small, and cannot explain the 
mean tenfold size difference in alpine plants and 
their leaves compared with related low altitude 
plants. 

An interesting aspect worth mentioning here 
is the reported correlation between cell size and 
genome size. Grime (1983) observed that plants 
whose leaves expand in early spring at low altitude 
(when temperatures are low) have larger cells and 
greater haploid genome size than plants active 



during warmer periods. According to Grime, the 
advantage of bigger cells is a reduced dependence 
on cell division during early leaf development. 
On the other hand, genome size has been found 
to correlate with the duration of the cell cycle 
(Francis and Barlow 1988; Dale 1992; Creber et al. 
1993). Cells with bigger genomes appear to take 
longer to duplicate. Rated by cell size, alpine plants 
do not seem to have adopted this spring plant 
strategy observed by Grime, although a few species 
have been found with rather large cells (e.g. Oxyria 
digyna). As Bennett (1987) noted, genome size 
is much more variable between species than cell 
size. Hence control of cell size must be more subtle 
than a simple maintenance of certain DNA/cell 
volume ratios. 

Mitosis and the cell cycle 

I am not aware of any published work on the rel- 
ative limitations of tissue growth under low tem- 
peratures by the three components mentioned in 
the introduction to this chapter. So what follows is 
an account derived from indirect evidence and is 
partly speculative. If resource supply for either 
ATP formation or synthesis of cell walls and cell 
organelles limits growth at low temperatures, it 
is most likely step 2 (see introduction to this 
chapter) which is critical, because this is where 
most of the resources and their processing 
are required. In terms of fuel and mass invest- 
ment, cell division itself is the “cheapest” part 
of the process. As will be discussed later, there 
are also other reasons why the rate of production 
of embryonic cells is not likely to be the bottleneck 
of alpine plant growth (if there is one). 

The separation of step 1 and step 2 processes is 
only meant to underline the fundamental differ- 
ence between the genome replication (the forma- 
tion of tiny “water bubbles” with packages of 
DNA) and subsequent mass investment (cell 
enlargement and differentiation). In reality, organ 
formation is a concerted action, with one step not 
possible without the other (Fig. 14.4). It is obvious 
that if there were no cell division, there would also 
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Fig. 14.4. A schematic presentation of the major processes 
involved in tissue growth. Numbers indicate where low 
temperature effects could play a role and thus limit the 
overall process, given that all partial processes are 
interlinked (see the text). For the sake of clearness, fueling 
and substrate provision to cell division itself (2) was omitted 
in this scheme, because the quantities required are very 
small compared with those for subsequent supplies for 
growth and differentiation of the emergent embryonic cell 
populations 

be nothing to differentiate. But would there be any 
cell division without cell differentiation? Not for 
long, because the tissue would fall apart. Hence the 
rate of differentiation, the most costly part of plant 
tissue formation, will feed back on cell division in 
one way or the other. 

What are the critical steps in Fig. 14.4 where low 
temperature could become effective and limit 
alpine plant growth? From the previous three 
chapters, supply limitations by primary products 
(1) seems most unlikely. Similarly, water supply in 
cold climates was shown to be not critical under 
most conditions (Chap. 9). Hence, three groups of 
liiyiitations remain: the direct limitation of cell 
division (2), ATP provision to synthetic processes 
(3), and the synthetic processes themselves: (4) 
synthesis and turnover of enzymes and (5) for- 



mation of cell walls' and organelle differentiation. 
(3), (4) and (5) may follow similar kinetics and 
thus may be represented by one common meta- 
bolic function, as was suggsted by Griddle et al. 
(1997), but the mechanisms are not the same, and 
the distinction between “fuel-” and “process-” 
limitation seems important. 

From what is known, it does not seem to be the 
amount of fuel present at the sites of synthe- 
sis which becomes limiting at low temperature, 
because sugars are very abundant (see Chap. 12), 
and their concentration has even been shown to 
increase in developing tissue at low temperatures 
(Francis and Barlow 1988). Yet the often observed 
change in leaf shape with growth temperature was 
suggested to be related to diffusional barriers for 
substrate at the inter- veinal scale, which may build 
up as temperatures decline (Fischer 1960). 
Whether the use of sugars for ATP production is 
limiting as Dahl (1986) had suggested, and as is 
assumed by Criddle et al. (1997), is hard to say, 
because of the potential co-limitation by other 
processes. It may be assumed that the reduction of 
mitochondrial activity at low temperatures is 
partly compensated by their increased number 
(Miroslavov and Kravkina 1991). As a conse- 
quence, rates of tissue respiration measured at low 
temperatures in cold habitats have often been 
found to be similar to rates measured at warmer 
temperatures in warm habitats, as a result of accli- 
mation (see Chap. 11). With processes (4) and (5), 
we enter pure guessing, since no alpine plant 
seems to have been investigated, but it is clear that 
such thermal limitations of protein metabolism 
and synthesis of cellular structures must exist. In 
the following I will concentrate on cell division (2) 
for two reasons. First, because cell division can be 
documented in the field, and second, because one 
can safely assume that rates of cell division also 
reflect rates of cell differentiation since both 
processes are tightly coupled through feedbacks. 
Thus, cell division is a gateway to the dynamics of 
tissue formation. 

Cell division includes phases of activity which 
are visible under the microscope (mitosis, the sep- 
aration and sorting of chromosomes) and invisi- 
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ble phases during which the genome is copied (the 
synthesis or S phase) or ‘"gaps” during which early 
researchers could not see anything spectacular 
happening (before and after the S phase, the G1 
and G2 phases). Meanwhile it was discovered that 
quite significant things happen during G-phases. 
Together, all these steps are called the cell cycle. 
However, not all cells in a meristematic region are 
actively dividing (“cycling” through the above 
phases), but some “rest”, and cells do not contin- 
ue to cycle infinitely, but will leave the cell cycle 
lineage in an orderly manner so that the number 
of cycling cells does not increase exponentially, 
but achieves a sort of steady state, at least for 
certain developmental stages. Furthermore, not all 
cycling cells are cycling at the same speed. Hence, 
to be precise, one has to distinguish between 
actual measured rates of cycling in discrete cell 
cohorts and the statistical mean across all cells in 
a meristematic region, which is termed the cell 
doubling time. In the older literature this distinc- 
tion was not always made, and the two terms have 
been used as synonyms. For practical purposes, 
the cell doubling time is a very useful quantity, but 
one has to be aware that (depending on the region 
of a meristem considered) it includes components 
other than just cell cycle dynamics. 

The challenge is to obtain a picture of these 
dynamic processes through the collection of a 
series of static pictures. Whether the number of 
cells in a mitotic (i.e. visible) stage is low because 
of low numbers of cycling cells or because cells are 
cycling slowly is hard to know. However, tricks are 
available to find this out. A classic one is to block 
the separation of chromosomes of a mitotic cell 
(the beginning of the formation of two daughter 
nuclei). This can be done, for instance by adding 
colchicine, the substance which makes the geo- 
phyte Colchicum autumnale so poisonous. The 
result of this selective interference with the cell 
cycle is the gradual (over some hours, commonly 
linear) accumulation of all cycling cells in the 
metaphase, because they cannot get any further 
(the “metaphase arrest” method). By measuring 
the rate of appearance of metaphase cells in the 
treated tissue over the linear part of the response. 



one can obtain an approximate rate of cell dou- 
bling or the cell doubling time. 

Do cells divide more slowly at low alpine tem- 
peratures? Although published work (mostly with 
root tips of onion, bean or cereals in growth cham- 
bers) is largely for warm temperatures, in a few 
cases temperatures at or below 10 °C have been 
included. A literature review yielded the response 
shown in Fig. 14.5. These data suggest a dramatic 
slowing of the cell doubling time when tempera- 
tures drop below 20 °C. While cell doubling times 
of around 24 h are common at 20°C,the regression 
suggests that this time is more than doubled at 
10 °C, and approaches infinity near 0 °C. The shape 
of the curve resembles a mirrored temperature 
response of dark respiration (see Chap. 11). The 
diagram also illustrates that the duration of 
mitosis follows the response of the cell doubling 
time in a constant proportion of about one tenth 
(note the different scales in the diagram). Since 
prevailing night-time temperatures in the alpine 




Fig. 14.5. Results of a literature survey of temperature 
responses of cell doubling time (CDT) and its mitotic phase 
(MT) in root tip meristems of herbaceous plants grown in 
controlled environments (ca. 50 publications by 1990; 
unpubl. review by S. Pelaez-Riedl) 
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zone are around 5 °C during the growing season, 
mean cell doubling times of several days might be 
expected from this response for non cold-adapted 
lowland plants. 

The data collected in Fig 14.5, but also the vast 
agronomic literature on cold season growth of 
cold adapted crops indicates that commonly there 
is no measurable growth at or below 0°C, which 
also holds for alpine plants (see Chap. 13). In most 
cases, growth ceases at several degrees above zero. 
According to the data in Fig. 14.5, cell doubling 
time becomes extremely long below 5°C. In con- 
trast, photosynthetic C02-fixation may reach one 
third of full capacity at 5 °C, and all alpine plants 
tested photosynthesized intensively at 0°C. As was 
shown in Chapter 11, photosynthesis in active 
leaves stops only once intercellular ice forms, 
which happens at several degrees below zero (see 
Chap. 8). Hence, under all conditions, one can 
expect the cessation of meristematic acitivity to 
precede the cessation of carbon acquisition, as was 
concluded for overall plant growth (see Chap. 12). 

What do we really know about cell division in 
alpine plants in their natural environment? Very 
little indeed. Creber et al. (1993) in their elegant 
study with latitudinal and altitudinal provenances 
of Dactylis glomerata investigated the possibility 
of ecotypic differentiation of cell cycle responses 
to temperature, but their plants were all from rel- 
atively low elevations. The two major results of 
their study may still indicate trends which might 
be observed in alpine plants as well: (1) cell divi- 
sion in root tips of their hydroponically grown 
seedlings was less sensitive to changes in temper- 
ature in provenances from cooler, compared with 
warmer climates; (2) when temperature caused the 
cell cycle to slow, the number of cycling cells 
increased in a compensatory manner. 

To my knowledge, no data of this sort for alpine 
plants have been published. In 1988, Francis and 
Barlow concluded that nothing was known about 
the relationship between temperature and the cell 
cycle in shoot and leaf meristems in general, 
because all work was with root tips. In the follow- 
ing I will therefore present some original work 
which provides some initial ideas about what 



might happen in developing leaves under alpine 
field conditions. Leaves (5-10% of final size) were 
selected, simply because root tips are difficult to 
identify in mixed plant communities and are 
not accessible in the field for regular observation 
without severe disturbance. Leaves also exhibit 
more dramatic size reductions with altitude than 
do roots. 

The first and simplest (though inconclusive) 
approach is to check meristematic regions for 
mitotic cells, count these, and relate their number 
to the total number of cells in the observed meris- 
tematic region. This is called the mitotic index 
(MI). Numbers for 24-48 h sampling periods col- 
lected at high elevations in the Alps, subarctic 
Sweden and the Ecuadorian Andes suggest that 
there is nothing special in alpine plants compared 
with their lowland relatives. Mis in embryonic 
alpine leaves are between 5 and 10%, mostly 
around 7%, and there are no obvious elevational 
differences or diurnal changes that could be 
related to the course of temperature (Fig. 14.6 
and unpublished data for other species). There is 
perhaps a slight trend of somewhat higher MI in 
the greenhouse grown Ranunculus maintained at 
a constant 18°C, but Hypochoeris in the Andes has 
an MI of 9% at temperatures of between 0 and 
3 °C. We did think that this diurnal constancy of 
overall MI masked significant shifts in the relative 
abundance of pro-, meta-, ana- and telophase, but 
this was hardly the case. Only in one out of several 
24-h cycles in Ranunculus glacialis in the Alps did 
we find some indication of complimentarity 
between metaphase and ana- plus telophase frac- 
tions (Fig. 14.7), but overall, proportions did not 
change a lot during the day, irrespective of tem- 
perature, species and site. 

With some care, we may conclude that the 
‘‘whole wheel” of the cell cycle turns in a concert- 
ed way, so that no phase is limited by temperature 
more than another one. Otherwise we should see 
significant shifts in the abundance of mitotic 
phases and significant overall changes in MI 
throughout the day. As Francis and Barlow (1988) 
pointed out, plants are expected to lengthen the G1 
phase relative to other stages of the cell cycle, in 
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Fig. 14.6. The in situ diurnal course of mitotic index (percentage of cells in mitosis of all meristematic cells) in embryonic 
leaves of alpine plants from contrasting alpine climates and comparable data for a low altitude forb. Dashed lines indicate 
bud temperature. (S. Pelaez-Riedl and Ch. Korner, unpubl.) 
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Fig. 14.7. The diurnal abundance of different mitotic phases in rapidly growing bud leaves of Ranunculus glacialis in the 
Austrian Alps (2600 m) and in the subarctic alpine zone of northern Sweden (1050 m). Means for 5-8 leaves at each sampling 
point. One hundred percent refers to the total number of mitotic cells found. (S. Pelaez-Riedl and Ch. Korner, unpubl.) 
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situations of stress, freezing temperatures includ- 
ed. This would delay the arrival of prophase cells 
in the “mitotic window”, unless subsequent S and 
G2 phases caUght up significantly. Pronounced 
diurnal cycles of mitotic index are absent despite 
considerable variation of temperatures. Cells are 
found at all mitotic stages at growth temperatures 
between 0 and 7°C on subpolar, temperate and 
tropical mountains. Despite some insight into 
cell cycle dynamics that may be obtained by just 
looking at the abundance of various mitotic 
stages, such observations cannot tell us how fast 
the “wheel” is turning. 

In situ determinations of cell doubling time are 
not an easy task, particularly not in alpine terrain. 
One needs a lot of similarly aged plants, six to ten 
specimens per sampling time, with hourly sam- 
pling over more than 10 hours. Colchicine appli- 
cation must follow a precise time schedule for each 
individual, and each plant can only be treated 
once. Every single embryonic leaf must be fixed, 
stained with the Feulgen reagent and analyzed 
under the microscope. So it is not surprising that 
this is not a very popular field of alpine ecology. 
Fortunately, hourly soaking of very young devel- 




Fig. 14.8. A preparation of a rapidly developing bud leaf of 
Ranunculus glacialis, soon after snow melt at 2500 m 
elevation in the Swiss Alps. Leaves of this size (ca. 5% of final 
size) have been used in situ for the metaphase arrest method 
(see Fig. 14.9) 



oping leaves (Fig. 14.8) with 0.5% colchicine 
solution (plus a wetting agent) does work. Also, 
cochicine impregnated filterpaper attached to 
such leaves helps. It was possible to halt the cell 
cycle in Ranunculus glacialisy and count the 
metaphase accumulation rate (Fig. 14.9). From 
this single experiment, it appears that leaf meris- 
tematic cells of Ranunculus glacialis have cell dou- 
bling times almost twice as long at 11-12°C (a 
relatively warm day) as R. acris at low altitude at 
22-23 °C. This would suggest a “Qio” for the cell 
doubling of somewhere around 1.8 if data from the 
two different species are compared (not the way in 
which Qio should be calculated, but still an inter- 
esting relationship). 

With this first ever look into the heart of the 
growth process of an alpine plant species, genera- 
lizations cannot be made. Compared with the 
data in Fig. 14.5 it seems, however, that the cell 
doubling time in Ranunculus glacialis falls within 
the range of numbers reported in the literature for 
11-12°C in non-alpine plants. If this can be 
confirmed, it would suggest that thermal respon- 




Fig. 14.9. In situ ceU doubling time, calculated from the 
linear rate of metaphase cell accumulation after colchicine 
application to bud-leaves of Ranunculus glacialis at 2500 m 
in the Swiss Alps (July), compared with data for Ranunculus 
acris studied in the botanical garden and (under constant 
temperature) in the greenhouse in Basel (June). (S. Pelaez- 
Riedl and Ch. Korner, unpubl.) 
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ses in these very elementary processes of growth 
in alpine plants are not fundamentally different 
from those in plants in general. At first sight, it 
seems, this alpine plant species is not any “better” 
with respect to cell doubling time at its low growth 
temperatures than the crop plants for which data 
are shown in Fig. 14.5. Taken alone, these data 
might suggest Ranunculus glacialis produces less 
cells per unit of meristem area and time than 
plants from warmer low elevation sites (no accli- 
mation). However, it remains uncertain as to 
whether the rate of cell production is indeed lower, 
because the total number of cycling cells per 
growing leaf is unknown. 

Given the observation that the mitotic index 
was not very different between the low and high 
altitude Ranunculus examined, but the concurrent 
cell doubling time per unit of inspected meristem 
area was almost twice as long in the alpine species, 
theoretically, three answers are possible (with the 
first one being most plausible): 

• Mitosis occupied a constant fraction of the cell 
cycle duration, hence was also taking twice as 
long at the alpine site. In this case, the chance of 
finding cells in a mitotic stage per unit of exam- 
ined meristematic tissue would be equal at both 
sites, provided similar numbers of cells were 
cycling. 

• The mitotic phase in the alpine species occupied 
a longer section of cell cycle duration, hence was 
relatively more restricted by lower temperature 
than S, G1 or G2. This would mean that less cells 
were actually cycling. 

• Mitosis occupied a shorter fraction of the overall 
slower cell cycle, reducing the chances of being 
seen in a snapshot. This would require more 
cells to cycle to arrive at equal MI. 

None of these possibilities can be rejected. But 
in a first approximation, a constant mitotic time 
fraction appears most strongly supported by the 
available literature (see Fig. 14.5), which would 
mean that the fraction of cycling cells was similar 
at both elevations. By simply adjusting the fraction 
of cycling cells (the so-called growth fraction), 
meristems could mitigate rate-limitations at the 



level of the single cell. This is what was actually 
found in the above mentioned study by Creber et 
al. (1993). But it needs to be re-emphasized that 
conclusions and interpretations of such data are 
full of pitfalls. A number of aspects cannot be 
accounted for in such a simple field trial, and even 
highly controlled laboratory experiments, such as 
the one by Creber et al., soon approach limits of 
interpretation. 

For instance, assuming the cycling fraction of 
cells was indeed similar in the two Ranunculi, one 
could have expected R. glacialis with its smaller 
genome to have a shorter cell doubling time than 
R. acris, even at equal temperatures. The IC-value 
for R. glacialis is 3.3 pg (In = 8 chromosomes) and 
5.3 pg for R. acris (In = 7), both with ploidy levels 
of 2 (Bennett et al. 1982), with the latter confirmed 
for the populations studied here. With this in 
mind, the actual observed cell doubling time in the 
field of R. glacialis appears even slower. 

The most critical unknown is the total size of 
the meristematic cell population per leaf, which 
depends in the duration of dividing cell lineages. 
Adjustments of activities among populations of 
meristematic cells can theoretically overrule large 
limitations experienced by individual dividing 
cells (see below). 

From meristem activity to 
growth control 

Given the limited data base, it does not make much 
sense to carry the above discussion any further. 
The purpose of showing and discussing these data 
was mainly to illuminate this largely neglected 
field of research. It needs to be repeated that such 
data do not permit a causal separation of limi- 
tations operating directly on the cell cycle, or 
indirectly, via feedbacks on cell division from 
subsequent cell growth. The relevant experimental 
literature (largely with agronomic plants) reflects 
a strong focus on cell cycle limitations themselves, 
which does not seem to be justified in the light of 
the far greater synthetic efforts and resource 
requirements during cell enlargement and differ- 
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entiation. Given this uncertainty, it seems inap- 
propriate to conclude (as for instance Francis and 
Barlow 1988 did) that “the rate of cell division 
determines the rates of organ and cell growth”. 
With similar justification, one could conclude that 
the rate of tissue maturation (demand) determines 
the rate of cell division. In view of the various 
options a meristematic region has for producing 
more embryonic cells, if required (faster cycling, 
more cells cycling, cells cycling more often, all with 
exponential consequences), it seems that feedback 
effects from tissue maturation deserve greatest 
attention in order to find out how low tempera- 
tures limit plant growth. Hence the study of limi- 
tations at points 4 and 5 in Fig. 14.4 is needed most 
urgently. This is not a field were ecologists are nor- 
mally experts. 

In summary, if alpine plants (like any plant) 
were short of embryonic cells to be fed into the dif- 
ferentiation process, they have several response 
options: 

• Have a given number of meristematic cells 
divide faster, 

• Increase the initial number of dividing cells, 

• Increase the fraction of cycling cells per unit of 
meristem tissue, 

• Retain cells longer in a cell cycle lineage 
(increase the size of the meristematic zone). 

Imagine the geometric increase in cell number by 
starting with 12 instead of 10 initials in an embry- 
onic leaf, replicating consecutively over only three 
cell cycles (ca. 6 days at 10 °C) - 20736 versus 
10000 new cells! The consequences for cell pro- 
duction of only the slightest re-arrangements in 
the pool of potentially dividing cells are so enor- 
mous that a plant should almost always be able to 
meet the demand in embryonic cells for tissue 
construction. The process of cell division is most 
unlikely in limiting the growth and size of alpine 
plants. From the above it seems logical to conclude 
that it is the construction, the differentiation and 
maturation of cells that more likely represent the 
bottleneck of growth under thermal limitation, 
not the provision of raw materials, including the 
number of undifferentiated cells. Whether the 



total number of cycling cells is indeed larger at any 
given size of an alpine versus a lowland leaf 
remains to be explored. As illustrated by the above 
calculation, minute differences, possibly too small 
to be detected, would be sufficient to compensate 
for physiological limitations of cell duplication in 
a cold climate. That such compensatory processes 
do occur, was demonstrated by Creber et al. (1993). 

This chapter closes the series of consider- 
ations related to a functional understanding of 
alpine plant growth. After considering physical 
constraints for survival, limitations by external 
resources such as water and mineral nutrients 
were explored. Via discussing potential constraints 
of carbon fixation and the carbon balance, 
constraints of carbon investments and growth 
dynamics, we arrived at the rather subtle question 
of meristematic processes in the cold. In part, this 
chapter ends like the previous ones, by finding 
little if any physiological evidence or reason which 
sufficiently explains alpine growth limitations. 
While photosynthesis and the carbon balance are 
most unlikely candidates for a physiological bot- 
tleneck of plant growth at high elevation, there are 
also no obvious indications that limitations of cell 
division are critical. This chapter ends by pointing 
to the potentially crucial role of synthesis of struc- 
tures in the maturing cell, the cell wall in parti- 
cular - an open field for biochemical ecology at 
high elevations. What if, in a couple of years, 
researchers find, perfect thermal adjustment in the 
processes involved, and once more no obvious 
physiological reason for a specific bottleneck? 

Perhaps we would then take a fresh look at the 
data presented in the following chapter, which 
illustrate that alpine plant production is in fact not 
necessarily low, if expressed per unit of growing 
period duration rather than per year. However, we 
would still be left with the problem that tropical 
alpine plants don’t grow any faster or larger 
despite being unlimited by time. Perhaps we would 
then realize that small size is also part of plan, a 
plan for survival and fitness, rather than the result 
of immediate limitations by a hostile environment. 

Alpine plants are selected for small size and can 
thereby cope with alpine life conditions (K5rner 
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and Larcher 1988). At all levels of their physiology 
alpine plants have been found to be perfectly 
adapted to grow where they do. It seems, that 
alpine plants grow in such a way that the resources 
available per unit land area and time are efficiently 
utilized, and that they avoid coupling to the unfa- 
vorable climate as much as possible by creating 
their own climate. Dwarfs on purpose! 

In a more general sense, alpine plants are just 
another extreme example of how stature, size, allo- 
cation and growth are tuned so that a minimum 
of functional variability occurs at the cellular level. 



Alpine plants produce fewer and smaller organs, 
but these are well equipped. This means that 
chances are limited of obtaining an understanding 
of growth constraints and stature of alpine plants 
by examining primary metabolic processes at the 
tissue or cellular level. Developmental controls 
appear to overrule many potential constraints by 
metabolism and resource use. Yet, by looking at the 
diverse appearances and functioning of alpine 
plants, it is fascinating to see how many different 
ways there are of being fit and successful in a 
stressful world. 
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Plants commonly don’t grow alone. Thus, the 
growth of an individual leaf or an isolated plant - 
the topic of the previous three chapters - needs to 
be placed in the context of interactions, the growth 
of many other leaves and plants. A slowing down 
of one individual may be balanced by enhanced 
growth of another, hence only a consideration of 
all members of a plant community will reveal what 
may be the typical biomass production for a 
certain environment. Plants may respond in quite 
different ways if growing together, rather than 
alone. 

The bulk of leaves and their integrated activity 
per unit of land area determine how much solar 
energy will be trapped by photosynthesis, how 
much water and mineral nutrients will be con- 
sumed, and how much biomass will be accreted 
and decomposed. In contrast to the previous three 
chapters, this chapter will consider whole plant 
communities, their structure, biomass production, 
and overall dry matter accretion, thus addressing 
land area based aspects. 

The stucture of alpine 
plant canopies 

Low Stature in plant individuals, as is typical for 
most alpine plants, is not necessarily associated 
with less photosynthetic leaf area per unit of land 
area, a smaller leaf area index (LAI, m^m“^). 
However, equal LAI at a low canopy height means 
greater leaf area density (LAD, m^m"^). Closed 
alpine plant communities hold the world record 
for LAD by accumulating LAIs between ca. 2 and 
5 in canopies of only 2 to 10 cm height (LAD 



50-100m^m"^). For comparison, closed humid 
tropical forests averaging at maximum LAI of ca. 
8 over a height of 40 m operate with LAD of ca. 0.2, 
similar to that found in temperate deciduous 
forests (LAI of ca. 5 over 25 m) . Although leaves 
are not evenly distributed over the full canopy 
profile in such forests, the most active crown layers 
still measure 10 m or more in depth, driving layer 
specific LAD perhaps to 0.5. Lowland grassland 
may reach LAIs of 8 over a height of 0.5- 1 m, yield- 
ing LADs between 4 and 8. Hence, by all measures, 
dense clustering of leaves is an unbeaten feature 
of the alpine vegetation. Table 15.1 provides an 
overview of LAIs reported for closed alpine plant 
communities. LAI reaches high values up to the 
lower alpine zone, diminishes to about half the 
value of low altitude meadows in typical alpine 
grassland, and exhibits values below 1, once vege- 
tation opens at higher elevations. 

Canopy closure is an important (though not 
easily defined) criterion for applying the LAI 
concept with respect to light utilization. In frag- 
mented vegetation with bare ground in between, 
LAI still provides a useful measure of land cover- 
age by leaves, but functional links (e.g. plant 
efficiency of radiation use per unit land area, 
reflection of radiation, fluxes of water vapor etc.) 
are not straightforward. At the microscale “LAI” 
of isolated graminoid tussocks may still be similar 
to lowland meadows, but the most compact of all 
life forms, the prostrate cushion, is characterized 
by LAIs of less than 2 per unit of cushion surface 
(Korner and DeMoraes 1979), an obvious trade-off 
of condensing the active leaf layer to a few milime- 
ters. Closed dwarf-shrub communities are not 
very different from graminoid communities, and 
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Table 15.1. Peak season canopy structure of alpine plant communities as compared with" examples of low altitude vegetation 
(data for humid regions only). (Klug-Piimpel 1989; Cernusca and Seeber 1989; Larcher 1977) 



Vegetation type 


Plant canopy height 
(m) 


Leaf height 
(m) 


GAI 

(m'm-') 


PAI 


Alpine grassland 


Carex dominated (Al) 


0.14 


0.06 


2.3-2.6 


9 


Carex dominated (CH) 


0.12 


0.06 


1.6 


_ 


Sesleria dominated (Al) 


0.20 


0.12 


2.5 


15 


Luzula dominated (Al) 


0.12 


0.05 


1.4 


- 


Alpine dwarf shrubs 


Loiseleuria dom. (A2) 


0.05 


0.02 


- 


3.3 


Vaccinium dom. (A2) 


0.25 


0.25 


- 


3.4 


Lower elevation vegetation 


Pasture near treeline (A3) 


0.5 


0.12 


6-7 


9-10 


Montane hay field (A4) 


0.9 


0.35 


8 


9 


Lowland hay fields 


1.2 


0.5 


6-8 


6-8 


Mixed temperate forest 


ca. 30 


ca. 30 


5-6 


6-7 


Humid tropical forest 


ca. 40 


ca. 40 


6-8 


7-9 



A1 Hohe Tauern, 2300 m, A2 Mt. Patscherkofel, 2000 m, A3 and A4 Hohe Tauern 1900 and 1600 m, all in Austria; CH Furka Pass, 
2500 m, Swiss Alps; lowland references are means from various sources. 



may reach LAIs of between 3 and 5 in the lower 
alpine belt. 

A discussion of the consequences of canopy 
structure for radiation interception by plants 
needs to consider all absorbing structures, and 
hence needs to include non-leaf live plant material 
such as stems and flowers, the total green area 
index (GAI), as well as dead plant material in the 
canopy, which yields plant area index (PAI) i.e. the 
sum of the projected area of all structures per unit 
land area. 

The inclusion of the area of dead structures 
causes alpine vegetation to come into line with 
lowland vegetation, because the amount of dead 
plant material increases with altitude almost as 
much as LAI decreases. As a consequence, photo- 
synthetically useful quantum flux density (QFD) 
declines down the canopy profile of alpine vegeta- 
tion more than it would if only LAI were consid- 
ered (Fig. 15.1). Table 15.2 summarizes the results 
of an analysis of the interception of QFD in alpine 
plant canopies in the Alps, which illustrate that 
extinction coefficients of 0.45 are most common 
if based on PAI (the only meaningful basis for 



describing radiation extinction). Self-shading of 
leaves - dead or alive - in closed alpine plant 
canopies is as significant as it is in lowland com- 
munities, which explains the strong dependency 
of photosynthesis on canopy structure (see Fig. 
11.13). 

Primary productivity of 
alpine vegetation 

Three terms need to be distinguished: 

• Productivity, which is the rate of new biomass 
formation (commonly per day), 

• Biomass production, the amount of new 
biomass accumulating over a longer period of 
time (e.g. a growing season or a year), and 

• The pool of plant dry matter per unit land area 
at any given time (biomass or phytomass, see 
below). 

The first two will be considered in this section, 
although their conventional estimation by sequen- 
tial harvesting depends on biomass estimates. 
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Fig. 15.1. Canopy structure and vertical distribution of quantum flux density (QFD) in a typical alpine Carex dominated 
grassland sward in the Alps. Left Biomass (i.e. live structures), right dead plant material. PAI Cumulative plant area index; 
LAI green leaf area index of higher plants. (Cernusca and Seeber 1989) 



Since some newly produced biomass may have 
been lost between two harvest dates, actual pro- 
duction (and productivity calculated from this) is 
usually underestimated. In contrast, differences in 
aboveground biomass, sampled during the most 
active early season growth, can greatly overesti- 
mate true productivity, because apparent initial 
‘‘growth” may largely result from allocation from 
belowground organs (“stored” growth). This hints 
at fundamental problems of growth analysis in 
perennial vegetation, which requires a few clarifi- 
cations to start with. 

Although widely reported, nobody has ever 
measured true net primary production (NPP) of a 
natural ecosystem, because its generally accepted 
definition as GPP-R = NPP makes it nearly impos- 
sible to determine to reasonable accuracy (GPP = 



gross primary production, i.e. the result of cumu- 
lative net photosynthetic production by leaves; R, 
the sum of all respiratory losses of plants). None 
of the published numbers on NPP based on 
harvest data match this definition because the 
inter-harvest carbon exports of plants remain 
largely unknown (hence, I will use “NPP”). Above 
the ground, new litter may be accounted for, but 
fine root turnover, root exudation, supplies to 
mycorrhiza and above- and belowground macro- 
and microherbivory losses (which may be sub- 
stantial - see the last Sect, of this chapter), remain 
unaccounted for, although all were “produced”. In 
shorter-lived plants, which start from seed every 
season (e.g. in agriculture), such errors may be 
smaller, but in perennial late successional vegeta- 
tion such as most alpine types, annual “NPP” in 
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Table 15.2. Daily means of extinction coefficient k for 
quantum flux density during clear and overcast weather using 
a Lambert-Beer’s law analogue: QFDj = QFDq where the 
indices i and o stand for below the canopy (ground level) and 
above the canopy, respectively. Examples are for grasslands 
from three elevations in the Alps, studied during clear and 
overcast weather in July and August. GAI, the green area index 
(representing >90% of LAI), PAI, index of total area of plant 
structures (including all standing dead material). Note, PAI- 
based k is relatively stable across altitudes, while GAI-based k 
increases with altitude due to the reduction of green struc- 
tures compared with dead structures. Canopy reflection of 
QFD is ca. 5-12% of incoming QFD. (Cernusca and Seeber 
1989) 



Type of vegetation 


GAI 

clear 


PAI 

clear 


PAI 

overcast 


Montane hay field 1600 m 


0.43 


0.36 


0.34 


Pasture near treeline 1900 m 


0.61 


0.43 


0.46 


Alpine Carex grassland 2300 m 


1.11 


0.41 


- 


Alpine Sesleria grassland 2300 m 


1.53 


0.46 


0.41 



reality equals the sum of these losses, and it is 
only by defining certain sampling intervals and 
categories of plant matter that one can arrive at 
comparable ‘‘NPP” numbers. 

Having said that, it is obvious that what follows 
reflects certain conventions, which assure some 
comparability among alpine sites of seasonal cli- 
mates, although comparisons with production 
data from elsewhere are problematic. When there 
is no growing season and no pulsed growth, as in 
the tropics, conventional estimates of plant pro- 
duction do not work, but would require tedious 
monitoring of litter production. This is the reason 
why so little is known about biomass production 
of tropical alpine vegetation. 

During the International Biological Program 
(IBP, late 1960s) a terminology convention was 
established which helps avoid confusion among 
various plant dry matter fractions: 

• Biomass is defined as live plant mass (irrespec- 
tive of specific tissue activity, thus including 
wood of live shoots). 

• Necromass is dead plant material still attached 
to the plant (“standing” dead, but also below- 
ground attached dead material). 



• Phytomass is the sixm of bio- and necromass. 

• Litter (both above- and belowground) is a sepa- 
rate category, neither belonging to phytomass 
nor to soil organic matter, and includes all loose 
dead plant parts, big enough to be identified as 
structured plant material by eye. 

Hence, biomass by definition, is live; phytomass, 
by definition, includes live and dead structures. 
Data not specified in this respect are of little 
comparative value and were disregarded here. A 
further problem with production estimates arises 
from asynchrony of plant phenology within a 
community. Some individuals or species may start 
to die back while others are still expanding their 
green mass. Harvests repeated at short intervals, 
and sorted by species and by live and dead matter 
are thus required to correctly integrate at least 
aboveground biomass production across a longer 
time interval such as a full season (instantaneous 
“book-keeping” of the various matter pools). 
Much more sophisticated analysis would be 
required to achieve similar resolution for root pro- 
duction (root windows, mini-rhizotrons, labeling 
techniques etc.). Problems of “stored growth” and 
overestimates of early growth have already been 
mentioned above. Given these numerous uncer- 
tainties, only a small fraction of the published lit- 
erature on alpine biomass production is readily 
comparable and complete. I explain these difficul- 
ties also because some of these problems could be 
avoided in future data collection. The problem of 
the distinction of what is above- and belowground 
was discussed in chapter 12. For the sake of this 
re-assessment, I tried to be not too rigorous, 
but the reader should know, that the numbers 
presented for alpine “NPP” are likely to be 
underestimates, whereas those for aboveground 
productivity, when disregarding the late growing 
season, are overestimates. 



Seasonal net primary production ("NPP") 

Based on a number of studies, whole season net 
biomass production above the ground may be 
anywhere between 100 and 400gm~^a"^ for closed 
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alpine vegetation in the temperate zone, with 
200gm“^a“^ representing a useful mean. Including 
belowground plant biomass production, 400 gm“^ 
a"^ (±200) seems a realistic estimate. Since season 
length for sites from which such data are available 
varies between 2 and 4 months, alpine “NPP” 
converted to a full year would reach 800- 
1600gm“^a“^ with local values exceeding 2000 g 
m~^a"^ similar to productive low altitude vegeta- 
tion (see Table 15.5). One of the reasons for such 
high productivities and the possible limitation of 
the validity of such extrapolations is the pulsed 
availability of nutrients during a short period of 
time, accumulated over the remaining 8-10 
months of the year. Thus, much lower productivi- 
ties are to be expected for non-seasonal tropical 
alpine vegetation. The only estimate I am aware of 
is 200 ± 70gm“^ for above ground biomass in 
paramo grassland in Colombia, estimated by Hof- 
stede et al. (1995a). This number is indeed low, 
given the year-round growing season. Since sea- 
sonal biomass production in the temperate and 
sub-arctic alpine zone (predominantly for herba- 
ceous vegetation) is commonly treated as a 
synonym for peak season biomass, “production 
data” will not be presented here in detail and the 
reader is referred to the biomass section and the 
following discussion of productivities also derived 
from the biomass data. 



Daily dry matter accumulation 

The total dry matter difference between two suc- 
cessive harvests is now assumed to approximate a 
net production (but see above). Divided by the 
number of days elapsed, mean daily increments, 
i.e. productivity can be calculated. Considering 
aboveground rates of matter accumulation for 
closed vegetation only, data for North American 
alpine grasslands summarized by Bliss (1966) 
indicate rates largely between 1.6 and 2.8 g d.m. 
m“^ d~^ (extremes 1 . 1 and 4.0; see Scott and Billings 
1964; Table 15.3), for growing seasons of 60 to 70 
days. Similar numbers are reported by Klug- 
Piimpel (1989) for graminoid communities in the 
Alps (1. 3-2.5 gm“^d"^ for season lengths between 



77 and 142 days). For the lower alpine belt in the 
southern central Himalayas Rikhari et al. (1992) 
report harvest data from which 1.4-3.1gm"^d“^ 
can be estimated for ungrazed closed alpine 
vegetation (ca. 90-120 day season). Comparable 
numbers for tropical alpine vegetation do not 
seem to be available, for reasons mentioned above. 
If one divides Hofstede et al’s. (1995a) estimate of 
annual net biomass production of 200 gm"^ by 365 
days of tropical season, one would arrive at ca. 
0.5gm“^d~^ by all standards a low mean, which 
may also reflect unaccounted litter production. 

Productivity calculated as observed difference 
in biomass divided by number of days, differs a lot 
when calculated for different parts of the season 
rather than for the whole growing season. When 
restricted to the initial flush after snow melt, 
pseudo-productivities (utilization of belowground 
reserves, see above) as high as twice the season 
means may be found, which was illustrated for 
instance by Klug-Piimpel (1989) and Brzoska 
(1973b). Efficiencies of energy conversion calcu- 
lated for such periods are thus meaningless. 

Conversion of photosynthetically active solar 
radiation into energy bound by plant dry matter 
has been described as “efficiency of energy uti- 
lization by plants”. If only aboveground plant 
matter is considered, several authors arrived at 
“efficiencies” between 0.4 and 0.8% (according to 
Bliss 1966, 0.2- 1.5%) for closed alpine vegetation 
(Table 15.3). Accounting for belowground biomass 
production total necromass production and dry 
matter losses not considered in Table 15.3, true 
“efficiencies” may range between 1 and 2%, again 
similar to numbers reported in the literature for 
lowland vegetation and crops. Bliss concluded that 
it may be generalized “that alpine plants (sensu 
vegetation) are as efficient in energy conversion 
and dry matter production as are many temperate 
region plants”. If one accounts for the smaller LAI, 
the actual efficiency of energy capture per unit 
green matter is in fact larger than in lowland veg- 
etation. Hence, there seems to be little in addition 
to the short duration of the growing season that 
limits alpine primary productivity, compared with 
other biomes. This conclusion is perfectly in line 
with those of Chapters 11-14. 
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Table 15.3. Estimates of aboveground primary productivity of alpine vegetation (live matter, i.e. biomass only). (From Bliss 
1966; Larcher 1977; Galland 1986; Klug-Piimpel 1989; Rikhari et al. 1992; Brzoska 1973 a,b) 



Type of vegetation 



Length of season Aboveground productivity Energy fixation 

(days) (gm"M“0 (%) 



Alpine grassland with >70% cover 



Medicne Bow Mts. 


wet Carex-Deschampsia 


60 


1.9 


- 




snow bed, outer edge 


55 


2.5 


- 


Central Rocky Mts. 


moist swales 


65 


2.1 


_ 




alpine turf 


65 


1.1 


- 




moist Carex-Deschampsia 


60 


1.7 


- 


Mt. Washington 


sedge-rush heath 


70 


1.6-2.9 


0.5 




heath-rush meadow 


70 


1.8 


_ 




snow bank 


70 


2.7-2.8 


0.5 




heath 


70 


4.0-4.3 


0.8 


Central Alps 


Carex curvula heath 


120 


1.2-1.5 


0.3-0.5 




Carex firma mats 


75 


1. 1-2.0 


- 




Deschampsia meadow 


90 


2.5 


0.8 




Luzula snowbed 


75 


2.5 


- 




Salix sedge snowbed 


80 


1.3 


0.4 




Loiseleuria dwarf shrub heath 


140 


2.3 


0.7 




Vaccinium dwarf shrub heath 


130 


3.8 


0.9 




Open scree vegetation <10% cover 


45 


0.5-0.7 


0.1-0.4 


South Himalayan 


Danthonia meadow 


120 


3.1 


- 




Kobresia meadow 


90 


1.4 


- 


Approximate mean 


for all 18 sites with full cover 


84 


2.2 ± 0.9 





All numbers rounded up; length of growing season to nearest 5 or 10. 



Surprisingly, the trend seen in closed alpine 
vegetation becomes enhanced at extremely high 
altitudes. Brzoska’s (1973b) data for scree com- 
munities in the Alps (3150 m) with species 
like Ranunculus glacialis, Androsace alpina and 
Primula glutinosa yield extraordinary productivi- 
ty if converted from 8-10% land cover to 100% 
land cover. For actual cover, Brzoska calculated 
0.5-0.7gm~M“^ for a 40 to 50 day season, i.e. 5 to 
7 gm“^ d~^ if all ground were covered with this veg- 
etation (and if the rate of growth were the same), 
not accounting for changes in belowground plant 
mass. The energy use efficiency of aboveground 
productivity alone of 0.09-0.38% for actual cover 
of 8-10% would scale up to 0.9-3.8% for full cover 
of 1 m^ of land! Even allowing for large errors, 
there seems to be no doubt that alpine productiv- 
ity and efficiency of solar energy utilization is not 
low on a daily basis, at least in the temperate zone 
mountains, for which such data are available. 



The range of aboveground productivities 
shown in Table 15.3 appear to strongly reflect 
differences in soil fertility. Maximum productivity 
is always found in moist (not wet) places which 
permit season-long soil microbial activity (e.g. 
Scott and Billings 1964). As discussed in Chapters 
9 and 10, soil moisture itself is unlikely to be a 
significant driver of alpine plant growth, but its 
indirect influence on nutrient availability in soils 
is of great importance. 

Belowground productivity and seasonal below- 
ground dry matter production of alpine vegetation 
are hardly known because the seasonal dynamics 
of root growth and root turnover (root litter pro- 
duction) are unknown. Annual regrowth of new 
roots gets drowned in a large matrix of old roots 
of mostly unknown longevity (see Chapt. 13). One 
reasonable approach to alpine fine root produc- 
tion might be to assume a constant leaf mass to 
fine root mass ratio and similar rates of above- and 
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belowground turnover. Since both fine root to 
green leaf mass ratio and the stem to belowground 
storage organ ratio (including thick roots) are 
roughly 1 : 1 in herbaceous alpine plants (see Chap. 
12), belowground production may be assumed to 
equal aboveground production, as a first approxi- 
mation. In long-lived tussock grasses, cushion 
plants, dwarf shrubs and tap-rooted species, a leaf 
mass to fine root-mass ratio of 1 : 1 may still be 
valid, because the bulk of non-leaf or non-fine- 
root mass turns over very slowly. The only alter- 
native approaches are very detailed root studies of 
the sort performed by Mahr and Grabherr (1983) 
with root windows, or by other tracing techniques. 

Plant dry matter pools 

The total amount of plant material per unit land 
area varies with season, with the aboveground live 
fraction in herbaceous vegetation close to zero at 
the beginning and end of the growing period in 
seasonal climates. Since details for belowground 
plant mass such as those in Fig. 15.2 are common- 
ly not provided, the data compiled in Table 15.4 for 
peak season pools include a mix of various below- 
ground biomass compartments. Where possible 



live and dead dry matter data are reported sepa- 
rately (see also the compilations by Franz 1979). 

According to Table 15.4, aboveground phy- 
tomass of closed or almost closed alpine vegeta- 
tion maybe anywhere between 200 and 3500 gm“^, 
a variation largely resulting from the wide range 
of necromass accumulation and the inclusion of 
woody plants. Carex firma mats in the Alps, 
Chionochloa tussocks in New Zealand, and the 
Colombian paramo grassland (Fig. 15.3) are exam- 
ples of enormous necromass accumulation. Simi- 
larly, large necromass accumulation is reported 
from the high arctic (Henry et al. 1990). Apart 
from such extremes most herbaceous communi- 
ties fall between 200 and 800 gm"^ aboveground 
phytomass with no latitudinal trend. Live above- 
ground plant mass (“biomass”) of closed vegeta- 
tion varies less, i.e. from 100 to 400 gm"^ (extremes 
of 600) with most values around 200. 

Belowground phytomass data are much less 
abundant, and the range of 70 to 3600 gm”^ is 
similar to aboveground phytomass, but numbers 
above 500 appear to be more common. The varia- 
tion seen in belowground phytomass cannot be 
explained because dead roots, dead rhizomes and 
belowground dead leaf sheets can accumulate to 
>90% of some of these total phytomass numbers. 




Soil organic matter (kg 

Fig. 15.2. Biomass, necromass, litter and raw humus: an 
example of carbon distribution in a late successional alpine 
grassland dominated by Carex curvula^ 2500 m in the central 
Alps. (Unpubl.) 



Fig. 15.3. Live and dead plant dry matter in a high Andean 
paramo vegetation, at ca. 4000 m elevation in Colombia 
(aboveground material only). Giant rosettes are Espeletia sp. 
Note the enormous stocks of dead material accumulating to 
28tha“^ (Hofstede et al. 1995a) 
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Table 15.4. Above (A) and below (B) ground phytomass (Ph), biomass (Bio) and ground litter. Because reported data are partly 
inconsistent with respect to the inclusion or exclusion of necromass, peak season biomass data have often been used as a 
measure of seasonal dry matter accumulation, hence some of the data listed here are redundant with productivity x duration 
from Table 15.3. For the shortcomings of such estimates of “primary production”, see the text 



Area/vegetation 


Elev. 

(m) 


Cover 

(%) 


A-Ph 


B-Ph 


A-Bio 


Litter 


Ref.” 














Alps Scree veg. 


3000 


<15 


26-75 


_ 


_ 




1 


Carex heath 


2550 


>90 


750-800 


- 


300-470 


55-165 


2 


Carex heath 


2300 


100 


720-800 


- 


170 


330-390 


3 


Sesleria meadow 


2280 


100 


380 


- 


200 


310 


3 


Deschampsia m. 


2280 


>80 


420 


- 


210 


240 


3 


Luzula meadow 


2280 


>70 


240 


- 


190 


240 


3 


Carex cushion 


2160 


100 


1250 


- 


250 


1900 


4 


Sesleria heath 


2150 


100 


- 


- 


260 


1100 


4 


Loiseleuria heath 


2170 


>90 


1310 


- 


1070(w) 


1100 


5 


Vaccinium heath 


1980 


100 


1400 


- 


1020(w) 


850 


5 


Central Caucasus 


Carex heath 


2600 


100 


510 


- 


150 


- 


6 


Alp. pasture 


2000 


100 


500-750 


2600 


- 


- 


7 


Alp. meadow 


2000 


100 


660 


240 


400 


- 


7 


Rhododendron 


2200 


100 


1900 


- 


1820(w) 


- 


8 


New Zealand Alps 


Tussock grassland 


1980 


>90 


3540 


1740 


- 


- 


9 


Mt. Washington 


Heath vegetation 


1800 


>70 


- 


540-3640 


200-300 


- 


10 


Medicine Bow Mts. 


- 


3000 


>70 


_ 


- 


110-350 


- 


10 


Central Rocky Mts. 


Fellfield 


3650 


- 


- 


- 


240 


- 


11 


Dry meadow 


3650 


- 


- 


- 


230 


- 


11 


Moist meadow 


3650 


- 


- 


- 


220 


- 


11 


Wet meadow 


3650 




- 


- 


160 


- 


11 


Snowbed 


3650 




- 


- 


100 


- 


11 


South-central Himalayan 


Danthonia grassl. 


3550 


- 


700 


1500 


390 


250 


12 


Kobresia grassl. 


3750 


_ 


200 


950 


no 


50 


12 


Rhododendron 


3750 


_ 


400 


750 


350(w) 


70 


12 


Venezuelan Paramos 


Grassland 


3550 


>70 


210-650 


70-390 


150-430 


- 


13 


Colombia Paramos 


Tussock grassland 














14 


Papua New Guinea 


Tussock grassland 


3600 


>70 


- 


- 


440-630 


- 


15 



1, Brzoska (1969); 2, Grabherr et al. (1978); 3, Klug-Pumpel (1982); 4, Rehder (1976); 5, Schmidt (1977); 6, A. Cernusca (pers. 
comm.); 7, Nachutsrisvili (1975); 8, Tappeiner et al. (1989); 9, Meurk (1978); 10, Bliss (1966); 11, Walker et al. (1994); 12, Rikhari 
et al. (1992); 13, Smith and Klinger (1985); 14, Hofstede et al. 1995a; 15, Hnatiuk (1978); (w) means woody (dwarf shrub) 
vegetation. 
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Extremely high fractions of below ground phy- 
tomass of >95% of the total are reported for the 
alpine semi-desert of the Pamirs (Agakhanyantz 
and Lopatin 1978), but much of this may be non- 
functional remains. 

The limited amount of information for low lat- 
itudes does not permit a conclusion with respect ^ 
to the effect of seasonality per se. The data report- ^ 
ed by Smith and Klinger (1985) and Hnatiuk ^ 
(1978) are within the range found outside the ^ 
tropics. Much of the variation within the tropics < 
appears to be related to the presence or absence of 
tussock grasses, which tend to accumulate more 
biomass and, in particular, more necromass than 
other life forms. The missing separation of below- 
ground organs by functional units (fine roots, 
thick roots, rhizomes, leaf bases) seriously limits 
the interpretation of these often large dry matter 
pools. Long life spans of thick roots and rhizomes 
contribute to the often high belowground plant 
mass (see Chap. 12). However, such structures may 
have a similar function to woody stems in shrubs, 
certainly not equivalent to the active fine root frac- 
tion, and of doubtful function with respect to 
storage. Retarded senescence and slow decay seem 
to be the most plausible explanation. Below- 
versus aboveground dry matter ratios were dis- 
cussed in chapter 12. 

I want to close this section with two aspects of 
biomass pools: the question of spatial and of year- 
to-year variation within a given region. A dense 
net of biomass study sites exists for the Alps. 
Figure 15.4 illustrates the altitudinal variation of 
aboveground biomass (live plant material only) in 
herbaceous or graminoid dominated vegetation of 
the central Alps. Peak season biomass between 
lowland and treeline elevations does not necessar- 
ily differ. Above the treeline, biomass per unit land 
area drops significantly, and only 300 m above the 
treeline, less than half of the typical lowland 
standing crop can be harvested at the time of 
maximum development of the vegetation. The 
further reduction of biomass with elevation 
reflects the reduction of land cover and not 
biomass per unit of ground area covered by plants. 

It needs to be noted that none of the grasslands 




Fig. 15.4. The elevational variation of peak season 
aboveground biomass in herbaceous vegetation (largely 
grassland) in the central Alps, (compiled from various 
sources) 

below the treeline are natural and those at lowest 
elevations are harvested three times a year for hay 
production. 

Several authors have reported sequential har- 
vests of alpine vegetation over more than one year 
(e.g. 3-5 years Bliss 1966; Klug-Piimpel 1989). The 
longest observation series is now available for 
Niwot Ridge in the Rocky Mountains’ Front Range 
(Walker et al. 1994). Such studies help answer 
questions about how much the variation seen 
in Table 15.5 reflects year-to-year variation of 
growth conditions. For clearness. Fig. 15.5 depicts 
only three of the five types of vegetation studied, 
among which peak season biomass varied between 
100 and 240 g in any year. The year-to-year varia- 
tion was much smaller than the community dif- 
ferences, and only a small fraction (15-40%) could 
be explained by climate (a suite of parameters was 
tested). Hence, part of the variation seems to be 
related to phonological (reproductive?) rythms, 
winter conditions, storage cycles or random phe- 
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nomena. Overall these data suggest that single 
year harvests of biomass can be considered as a 
reasonable site-typical estimate. 

In conclusion, this brief assessment of alpine 
canopy structure, productivity and plant dry 




Fig. 15.5. The long-term variation of peak season 
aboveground biomass in alpine grassland on Niwot Ridge, 
Front Range (Rocky Mountains). The three meadow types 
are characterized as dry, moist and wet. Numbers are all-year 
means ± SE. Note the relatively small year-to-year variation 
and the slight trend to decreasing biomass from dry to wet. 
(Walker et al. 1994) 



matter pools underlines that the length of the 
growing season and the percent of ground cover 
are the two major determinants of alpine plant 
biomass and its rate of production. Per unit 
covered ground area and per unit of time during 
the growing season, alpine plant communities 
produce as much or more as most communities at 
lower elevations, including forests (Table 15.5). 
These numbers are complementary to the more 
physiological data presented in earlier chapters. 
There is no reason to consider alpine vegetation as 
having low productivity, its productivity is not at 
all low. Its accumulative biomass production per 
year is low, but this is not because of a “stressful 
environment”, “low temperatures”, “adverse life 
conditions” etc., which were frequently supposed 
to limit productivity during the growing season, 
but simply because of short season and partly 
because of incomplete ground cover (rocks, 
washes, scree, patchy soil). Evidently the picture 
drawn in earlier assessments deserves a revision. 
Since the productivity of tropical, i.e. non- 
seasonal alpine vegetation is still largely unknown 
(but see Hofstede et al. 1995a,b) it remains to be 
seen whether such data from the tropics will 
deviate from the seasonal mountains on which the 
conclusions from this chapter are based. I would 
predict their productivity to be lower, because of 
continuous nutrient demand and the missing 
“pulse-effect” in seasonal climates as was dis- 
cussed above. 



Table 15.5. A comparison of net biomass production (above- plus belowground) in major types of global vegetation, calculat- 
ed either per year or re-calculated per month of growing season (approximate ranges in brackets; see the caveats on “NPP” in 
the text). (Schulze 1982 and the alpine data presented here.) The mean for all six biomes is 210 ± 30gm“^ month'^ 



Biome 



Annual net primary production Length of growing season Monthly net primary production 
(kgm~^a”‘) (month) (gm“^ month“^) 



Humid tropical forest 2.5 (1. 8-3.0) 12 

Temperate deciduous forest 1.2 (1.0- 1.5) 5 

Boreal forest 1.1 (0.3-2.0) 5 

Tropical grassland 2.5 (0.2-4.0) 10 

Temperate grassland 1.0 (0.2- 1.5) 6 

Alpine vegetation of the 0.4 (0.2-0.6) 2 

northern temperate zone 



210 (150-250) 
240 (110-300) 
210 (60-300) 
250 (70-400) 
170 (70-280) 
200 (100-300) 



Original calculations are for site specific season length, hence means and ranges per month do not exactly match those per year. 
The listed length of growing season is only a rough estimate for the major active part of the year. 
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Biomass losses through herbivores 

Plant consumer^ are everywhere, even at the 
uppermost extremes of higher plant life (Halloy 
1991; Swan 1992). Depending on the habitat and 
the type of vegetation, a substantial fraction of 
alpine plant biomass is harvested annually by 
natural herbivores, and they harvest selectively, 
hence affecting the species composition of plant 
communities. In many alpine regions of the world, 
large natural herbivores were replaced in historic 
times by domestic animals, sheep and goats in par- 
ticular. These aspects of human land use will be 
treated in Chapter 17. Here I will briefly consider 
natural herbivores, often less conspicuous, but not 
necessarily less influencial. For quantitative data 
on alpine animal communities see the reviews by 
Franz (1979, 1980). Since the evidence on natural 
alpine grazing appears to be rather thin, this 
account will rest on only a handful of case studies. 

Starting at the lower end of alpine vegetation, 
Galen (1990) reported the massive influence of 
elk browsing on inflorescences of the herb field 
perennial Polemonium viscosum near the Rocky 
Mountains treeline in Colorado (3550m). Due to 
obligatory flower bud preformation in the previ- 
ous year, plants have no leeway for compensatory 
responses, and thus lose the entire seed crop of the 
current season. They also lose the potential crops 
of the following two years, because of reserve 
exhaustion - a rather severe impact on reproduc- 
tion. Galen noted that herbivore impact decreases 
with elevation, and was small in the summit region 
(4050 m) . Probably elk prefer the lower elevations. 
This altitudinal pattern matches predictions by 
Grime (1979) that herbivory should be reduced in 
more stressful environments. As will be shown 
below, this generalisation does not seem to with- 
stand testing. 

In the heart of the alpine grassland belt, at ca. 
2500 m elevation in the Swiss Alps, Blumer and 
Diemer (1996) documented substantial biomass 
harvesting by grasshoppers (Melanopus frigidus 
and Aeropus sibirica). With daily peak season 
biomass removal rates of about 0.4 g d.m. m“^, 
these animals were responsible for 19% and 30% 
removal of the life standing crop in a Carex 



curvula and a Carex foetida dominated communi- 
ty respectively (removal is significantly greater 
than consumption, because both species first cut 
leaves and only then nibble at their edges). This 
amount is at least three times the estimated annual 
consumption through midsummer cattle visits 
at this altitude (S. Schneiter and Ch. Korner, 
unpubL). An interesting aspect of this study is 
the food preference of the two typical alpine 
grasshopper species. Both species were feeding 
on graminoids, which have relatively low leaf 
nitrogen concentrations (between 2 and 2.5%). 
However, the much more nutritious (2.6-4% N) 
forbs, were only consumed my Melanopus. But this 
species also avoided about half of the forb species 
present, most noteworthy the second most im- 
portant species after Carex curvula, the rosette 
forb Leontodon helveticus (3.2% N), presumably 
because of latex content. The overall biomass 
losses due to grasshopper grazing would not be 
included in a conventional productivity assess- 
ment through biomass harvests, a substantial 
error given the amount of plant mass removed. 
The soils under these alpine turfs host a rich phy- 
tophagous larval fauna (e.g. Chironomidae) which 
could consume equally significant amounts of 
belowground biomass, but no data seem to exist. 

Natural alpine herbivory is also very species 
specific in the high Andean short grassland 
of northwest Argentina (4250 m, Cumbres 
Calchaquies). A late season census in five forb 
species (from the genera Hypochoeris, Werneria, 
Perezia, Geranium and Calycera) revealed that 
Hypochoeris and Calycera had 26 and 29% of their 
leaves partly or fully eaten, Perezia 8% and the 
other two species were undamaged (unpublished 
data from March 1988). The dominant grazers in 
these high elevation planes are Guanacos (a small 
relative of the Lama) and rodents. 

Biomass losses to herbivores in the open 
fellfield vegetation at higher elevations may be 
substantial as well, and increasing environmental 
stress does not seem to preclude plant life from 
herbivory pressure (Oksanen and Oksanen 1989; 
Oksanen and Ranta 1992; Virtanen et al. 1997). 
Data from the Alps and from northern Scandi- 
navia suggest that rodents are major consumers. 
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and once more, very selective ones. They clearly go 
for the high protein food, such as leaves of Ranun- 
culus glacialis and Oxyria digyna, both species 
with 3-4% N in their leaves. Jarvinen (1987) 
showed that flowering rhythms observed in 
Ranunculus glacialis in subarctic-alpine fellfields 
(Kilpisjarvi, 860 m) had to do with population 
dynamics (and feeding dynamics) of lemmings 
{Lemmus lemmus). An 8-year exclosure of low 
density lemming polulations from snowbed com- 
munities in the same area caused substantial alter- 
ations in community composition, particularly 
among mosses, which started to suppress various 
phanerogam species (Virtanen et al. 1997). Their 
observations are in line with earlier work in the 
arctic, which showed that moderate grazing main- 
tains higher species diversity and is not detrimen- 
tal to productivity (Henry and Svoboda 1994; see 
also Chap. 17). 

For highest elevations in the central Alps, 
Diemer (1996) showed that snow vole (Microtus) 
which are found up to 3900 m elevation (1700 m 
above treeline), are major consumers of Ranuncu- 
lus glacialis. At three of four sites between 2600 
and 3300 m elevation, 15 to 26% of all individuals 
showed herbivory damage at a single inspection 
early in the season {Microtus usually harvests 
whole inflorescences and whole leaves and moves 
this material to the nest). The one site with no 
damage was an isolated peak with permanent 
snowfields around. A detailed full season census 
on two sites (2600 m and 3150 m) revealed a much 
greater losses: 60-65% of all individuals were 
affected, with most of them having lost their large 
inflorescences (Fig. 15.6). Of all these individuals, 
36 to 58% also lost at least two of their ca. five to 




Fig. 15.6. Ranunculus glacialis, a preferred food for snow 
vole near the upper limits of higher plant life in the Alps. 
Voles prefer inflorescences and also harvest whole leaves, 
with no existential impact on these plants 



ten leaves. Surprisingly, this had no effect on 
survival of plants (all survived) and 36% of 
those damaged flowered quite normally the year 
after. 

It seems that Ranunculus glacialis, growing at 
the upper limits of higher plant life in these moun- 
tains, copes well with its major herbivore, and both 
the carbon and nutrient balance of these plants 
seem to be all but tight, permitting substantial 
provisions to the rodent’s life even above the snow- 
line. This adds to the conclusions of Chapter 12, 
and re-emphasizes that great care is advised 
in projecting our human perception of what is 
stressful and limiting onto adapted organisms (see 
Chap. 1). 
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The alpine flora of a given mountain region com- 
monly contains 200-300 different species of higher 
plants (Chap. 2). How do they manage to maintain 
their presence and expand their range into new 
open land? How do they ensure the maintenance 
of intra-population diversity required for sus- 
tained ground cover in a harsh and ever changing 
environment? There are three ways: 

• Invest in seed production and seed dispersal - 
sexual reproduction, 

• Invest in vegetative propagules - clonal 
reproduction, 

• Stay where you are as long as you can - the 
space-holder strategy. 

These three strategies maybe combined in various 
ways, as will be discussed later. Plants may peri- 
odically switch between strategies 1 and 2 or use 
both simultaneously. Independently of the pre- 
dominance of either of these strategies, plants may 
in addition (once successfully established) adopt 
strategy 3. Strategy 1 will always be involved 
at some stage, at least during colonization. The 
following sections will first consider sexual 
reproduction of alpine plants, namely flowering, 
pollination, seed development, germination and 
seedling establishment, which are then followed by 
an account of clonal propagation and alpine plant 
age. 

Flowering and pollination 

In the tropics, plants can theoretically flower year- 
round, and according to Hedberg (1957) and Coe 
(1967), there are no distinct flowering seasons in 



the afro-alpine life zone, with most species bear- 
ing flowers throughout a 10-12 month period. 
However, pronounced seasonal cycles of precipi- 
tation can narrow the flowering period for the 
majority of species to few months in the tropics 
too, as is the case in parts of the Andean paramos; 
(e.g. Berry and Calvo 1994). Irrespective of pre- 
cipitation, flowering seasons get shorter with 
increasing latitude, until there is very little tempo- 
ral choice left. However, it is still possible to dis- 
tinguish three types of flowering regimes in such 
short-seasoned climates: 

• Early flowering - at or shortly after snow melt or 
soil thawing, 

• Mid season flowering - at the peak of vegetative 
expansion, 

• Late flowering - after the main part of the 
growing period is over (sometimes only pro- 
longed flowering). 

All early, and most midseason flowering arctic 
and alpine species perform flower preformation, 
which means inflorescences are initiated and cell 
division is largely completed in the previous or 
even pre-previous season (to a variable degree; 
Resvoll 1917; Riibel 1925; Sorensen 1941; Billings 
and Mooney 1968; Larcher 1980; Dahl 1986). In 
flowers emerging first, a fully “pre-fabricated” 
organ is unfolded. In species flowering 1 or 2 
weeks later, inflorescence expansion involves some 
current season differentiation growth, and species 
flowering at mid season often start from pre- 
formed embryonic organs only, with substantial 
current season dry matter investment. In some of 
the mid and late season flowering herbaceous 
species, particularly those which produce multi- 
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Stemmed shoot systems with comparatively 
small flowers (many Caryophyllaceae), flowers are 
current season products. As always, there are 
exceptions to such generalizations. For instance, 
among species with extreme floral preformation. 
Polygonum viviparum flowers late, whereas 
Ranunculus glacialis flowers very early. 

These two species are classic examples of flower 
bud preformation. In R. glacialis, two to three 
future cohorts of flower buds are present as plants 
enter the winter (Resvoll 1917 p. 89ff; Moser et al. 
1977; Fig. 16.1). When transplanted to a warmer 
climate, these '‘flower bud banks” can be released 
within a single season (Frock and Korner 1996). 
In P. viviparum, three seasons of preparation are 
required for a flowering event in the fourth sea- 
son, as was documented with SEM micrographs 
by Diggle (1997) in specimens collected at Niwot 
Ridge (3750 m. Rocky Mts.). Indeed, these are long 
periods during which environmental conditions 
may influence the size and time of appearance of 
such inflorescences. However, the last, most criti- 
cal step, the formation of generative tissue, does 
not seem to be included in preformation. At least 
this is what Erschbamer et al. (1994) noted in 
alpine Carex in which ovules and pollen (and 
meiosis) were completed only immediately before 
anthesis. 

Like vegetative development (Chap. 13), the 
timing of seasonal flowering is under tight envi- 
ronmental control with temperature and pho- 
toperiod exerting most important influences. 
From the few species carefully examined (mainly 
generalist grass species such as Poa alpina or 
Phleum alpinum) it appears that vernalization by 
low winter temperature is essential, but nobody 
looked into cases where flower pre-formation 
extends over 3 years (three winters) to find out 
which is the important winter (if any) for a flower 
to eventually appear. Very early flowering spe- 
cies seem to be opportunists and flower when- 
ever snow releases them (e.g. Soldanella alpina 
and other Primulaceae; Ranunculus nivalis, R. 
glacialis, R. adoneus; Saxifraga oppositifolia and 
other Saxifragaceae; most alpine Carex and Luzula 
species). This explains why small (experimental or 




Fig. 16.1. Flower bud preformation is employed by many 
alpine species in order to make maximum use of the short 
growing season. Here as an example, embryonic bud cohorts 
in Ranunculus glacialis (SEM, 60x). The sample was taken 
from a flowering specimen on July 10, 1998, hence there were 
at least three generations of reproductive structures present 
at a time 

environmental) increases in temperature can 
induce earlier flowering and accelerated overall 
development in such species (Alatalo and Totland 
1997; Henry and Molau 1997; Stenstrom et al. 1997; 
Suzuki and Kudo 1997), in a similar way to the 
effect of shorter snow cover duration (Walker et al. 
1995). 

Species flowering only once the annual leaf crop 
has been produced (my impression is that this is 
the case in more than half of all alpine species in 
the Alps), may use photoperiodic triggers to enter 
anthesis. At least this was shown for Poa alpina 
and Phleum alpinum (Heide 1990, 1994; Pahl and 
Darroch 1997 and references therein). In obliga- 
tory late flowering species, transplantation to 
warm low elevation growth conditions can illus- 
trate photoperiodic inhibition of development 
until the “time is right” (see Fig. 13.2). In tempe- 
rate and higher latitude alpine climates, only 
very few species commence flowering later than 
a month after snow melt. According to Resvoll 
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(1917), the extremes she found were 33 days in an 
alpine ecotype of Taraxacum officinale and 40 days 
in Polygonum vivdparum (Dovre^ell in Norway 
at ca. 1500 m, and in north Sweden at ca. 1000 m). 
Commonly Primulaceae, Ranunculaceae and 
Cyperaceae species are among the ones flowering 
earliest, and species of Asteraceae and Campanu- 
laceae most often belong to the group flowering 
latest. Gentiana and Gentianella species are often 
either among the first or very last ones to flower 
(Fig. 16.2). 

Although flowering periods are highly species 
specific, and not at all synchronized within com- 
munities, despite the short season (not even 
within closely related species e.g. Pickering 1995), 
the overlap of flowering periods (Fig. 16.2) leads 
to pronounced seasonal peaks of flower abun- 
dance in all seasonal climates (Fig. 16.3 and 16.4). 
More than 70% of all species present can be found 
flowering during mid July in the central 
Himalayas, and by the end of July in the alpine 
regions of temperate zone mountains. Peaks seem 
to be broader in the mediterranean, summer-dry 
climate of Chile, compared with the monsoonal 
climate in the Himalayas, and slope exposure 
clearly becomes more important with elevation. 

A schematic summary of trends across lati- 
tudes is attempted in Fig. 16.5, and illustrates the 
extreme narrowing of the flowering period at 
higher latitudes. This compression of the bloom- 
ing period is the main reason why alpine vegeta- 
tion at these higher latitudes often appears more 
attractive (colorful) to people than tropical alpine 
vegetation. 

Why is there still so much variation in phenol- 
ogy, despite the extremely short season at higher 
latitudes? Molau (1993) and Kudo (1992, 1996b) 
have related this to differences in life history 
strategies. Molau proposed, based on a data set 
for 137 species from the subarctic-alpine life zone 
(68°N lat, 1000 m, in northern Sweden) that early 
flowering species show low seed: ovule ratios (a 
mean of 0.3), but those seeds (or fruits) that have 
been set have a very high chance of maturing (Fig. 
16.6). In contrast, late flowering species have a high 
seed to ovule ratio (0.7), but comparatively lower 
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Fig. 16.2. Flowering spectra observed in 79 alpine plant 
species in the summit area of Mt. Glungezer (2600 m, 600 m 
above treeline, Tirol, Austria). The survey area covers 
4000 m^ with rock-, scree- and snowbed- vegetation and 
fragments of alpine grassland. The vegetation covered 
ground area was ca. llOOm^. 4 species of the total of 83 
species did not flower, two of which are viviparous. Note the 
broad overlap of spectra by the end of July, which leads to 
the 78% flowering peak in Fig. 16.3. (Bahn and Korner 1987) 



chance of reaching maturity. Complementary 
to this seeding success is the breeding system: 
high outbreeding rates (>20% selfing) in early 
flowering species and a great fraction of selfing 
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Fig. 16.3. Flowering phenology in alpine vegetation in the 
central Himalayas (ca. 4000 m, 30°N lat) and in the Alps 
(2600 m, 47°N lat). The diagrams show the relative fraction 
of species flowering as % of all species (142 species in the 
Himalayas and 79 in the Alps). (Bahn and Korner 1987; Ram 
et al. 1988) 



(<60%), apomixis and vivipary in late flowering 
species. Finally, there is a characteristic difference 
in ploidy: of the one third of all early flowering 
species which are not diploid, the majority are 
tetra or hexaploid. In contrast, 45% of all the late 
flowering species are more than diploid, and 
among these, species with 8 to 12 sets of chromo- 
somes represent one third (ploidy levels com- 
pletely missing in the early flowering group). 
Molau concludes that early and late flowering is 
associated with two different risks: 

• A pollen-loss risk (too cold for successful polli- 
nation, but sufficient time for seed maturation) 
and 
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Fig. 16.4. Flowering phenology in the Central Chilean Andes 
(33°S lat) at various elevations, and pole versus equator 
facing slopes. The lowest altitude site is in the Andean dwarf 
shrub belt, the middle altitude site falls in cushion plant 
vegetation, and the uppermost altitude site is in open 
fellfields. (Arroyo et al. 1981) 



• A seed-loss risk (safe pollination, but not 
enough time to mature a seed). 

The truly functional determinant of seed/ovule 
ratios is the breeding system (greater fertilization 
failure in heterozygotes versus more homozy- 
gotes), whereas the link to flowering phenology is 
of secondary or indirect nature, with the two risks 
as possible resultants. It is not clear why this sea- 
sonal separation of breeding systems occurs, and 
it needs to be added that the high frequency of 
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Fig. 16.5. A schematic presentation of flowering phenology in the alpine zone at different latitudes. Peaks in temperate and 
subarctic vegetation do not reach up to the subtropical peak, because of reduced flowering duration per species and the 
termination of flowering in many very early flowering species by the time the bulk of species reaches the peak. The two 
dashed lines for the tropics do not account for single florets which might be found at any time of the year in any species, 
which would bring these lines up to 100%. Note the most dramatic change in phenology in the tropical-subtropical 
transition. For simplicity, a Northern Hemisphere seasonal calendar was employed 
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Fig. 16.6. The ratio of fruits to flowers (or seeds to ovules) 
in three groups of subarctic-alpine plant species differing in 
flowering phenology (median, and the ranges from 25-75 
and 10-90 percentiles). The data set includes 21,51 and 32 
species for the early-, mid season- and late-flowering group. 
(Molau 1993) 



higher ploidy levels in late species is contributed 
to by species from very late thawing snowbed 
habitats, in which selfing appears essential. Never- 
theless, either of the two breeding systems may be 
more successful, depending on season and micro- 
habitat, hence their common representation in a 
given flora. It is important that these two '‘strate- 
gies” are seen as end points of a continuum of pos- 
sibilities, although there is some indication (e.g. 
with autogamy) that frequency distributions may 
be bimodal - either/or - with intermediates less 
common. 

Kudo (1992, 1993, 1996b), who in essence 
arrived at similar conclusions to Molau for snow 
duration gradients in Japan, emphasized pollina- 
tor availability as a generally important factor. 
According to his observations, early flowering 
individuals/species suffered from a lack of polli- 
nator activity, whereas late flowering indivi- 
duals/species had a similar problem but for other 
reasons: they were in competition for pollinators 
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with many other species, produced a lot of flowers, 
but often did not produce mature seed, either 
because of this pollination problem or because of 
the short remaining season. Despite the suggested 
pollinators shortage at the beginning of the sea- 
son, all these studies (including the ones in the 
extremely early flowering Saxifraga oppositifolia 
by Stenstrom and Molau 1992 and Gugerli 1998), 
demonstrated that early flowering species were 
predominantly outbreeding and hence pollinators 
dependent. Perhaps, the pollinator presence and 
their diurnal migration is underestimated or the 
flower/pollinators number is such that early polli- 
nators are short in flowers rather than vice versa? 
(See the discussion below.) 

Information on breeding systems in tropical 
alpine plants are scarce and most literature relates 
to giant rosettes, which according to the work by 
Sobrevila (1989) in Espeletia schultzH, are largely 
self-incompatible (empty achenes in selfed flow- 
ers), but remarkably, the chances for seed matu- 
ration declined with elevation even in this weakly 
seasonal climate. Berry and Calvo (1994) in their 
review of the Espeletia breeding system list self- 
compatibility indices between 0.0 and 0.15, with 
most values close to zero. These authors refer to 
several other studies which suggest that, counter 
to common prediction, autogamy is not or only 
very slightly enhanced at high tropical elevations. 
Argyroxiphium in Hawaii is also reported to be 
self-incompatible (Carr et al. 1986). 

The fact that autogamy and apomixis were 
found to correlate with higher ploidy levels, which 
in turn are more frequently found in late flowering 
species (see above) may have contributed to the 
view that alpine species in general have higher 
ploidy levels than lowland species (reviews by 
Bliss 1971 and Packer 1974). However, if any, these 
trends are small, and may rather reflect the differ- 
ent representations of breeding systems at differ- 
ent elevations. The suggestion that polyploids are 
more successful under stressful conditions may in 
fact relate to the perpetuance of successful genets 
through inbreeding and apomixis in such cli- 
mates, rather than to ploidy as such. According to 
Favarger (1954, 1961) the abundance of polyploids 



in the uppermost part of the alpine zone in the 
Alps is not significantly different from surround- 
ing lowlands (about half of all species). A recent 
isoenzyme and DNA comparison in populations 
of Anthoxanthum odoratum from different eleva- 
tions in the Alps revealed no reduction in genetic 
variability, which might have been expected if 
inbreeding played a greater role at high altitude 
(Felber et al. 1996). 

Although none of the hermaphroditic species 
tested by Molau (1993; except for apomicts) are 
strictly self-incompatible, outbreeding appears to 
be the dominant breeding system in alpine cli- 
mates (see also the critical review by Packer 1974), 
thus pollination is critical. Rated by biomass or 
abundance of species (Poaceae, Cyperaceae) wind 
pollination is by far the most important. Rated by 
species number, insect pollination is much more 
important. Rated by number of species which 
produce seedlings, insect pollination becomes 
even more significant, because the wind pollinat- 
ed alpine graminoids predominantly propagate 
clonally. Which insects pollinate alpine flowers 
and how much do alpine plants invest in their 
flowers? 

Flowers of alpine plants are often relatively 
large compared with the vegetative plant parts, 
hence reduction of flower size with elevation is 
much less than, for example, leaf size. In terms of 
mass, the most expensive investment for flowering 
in lowland forbs often is the flowering stalk, an 
organ which is drastically reduced at high eleva- 
tions (Korner and Renhardt 1987; Bauert 1993). 
Transplant experiments by Clausen et al. (1948) 
and Neuffer and Bartelheim (1989) have demon- 
strated that this shortening of inflorescences 
includes a strong genotypic component, which is 
closely related to elevation of seed origin. Dispro- 
portionately big flowers in large numbers often 
completely shade the leaf canopy for 2-3 weeks 
(see color Plate 1 at the end of the book), so that 
the actual costs of flowering substantially exceeds 
their own structural and metabolic costs. Rated by 
flower duration, as much as 20% of the potential 
seasonal photosynthetic carbon gain may be 
sacrificed through self shading by plants during 
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flower display (e.g. Silene acaulis, Androsace 
alpina, Phlox sp.). These diminished gains may 
balance the savings in stalks compared with 
lowland species. Such examples illustrate the high 
priority given to reproduction versus carbon gain 
in many of these alpine species. 

A much debated topic is flower coloration at 
high elevations. Flowers are often more intense in 
color, but not always, as exemplified by the rich 
alpine flora of New Zealand, which in essence is 
a “white” flora (with few exceptions; Mark and 
Adams 1979). Also, the equatorial alpine florae 
I have seen generally were not very colorful, 
with exceptions such as the outstanding “paint 
brushes” of Castillea and lupines in the Andes and 
the many tiny, blue or pink Gentianaceae, Gerani- 
aceae or Malvaceae found in almost any tropical 
alpine region. It seems that coloration reaches a 
peak at the high latitude edge of the subtropics 
and in the temperate zone and declines somewhat 
at higher latitudes (although this has not been 
quantified to my knowledge). So elevation by itself 
cannot be the sole cause, but may enhance the 
phenomenon, perhaps through effects of high 
solar radiation (no evidence that UV is involved as 
is often claimed, see Chap. 8) on pigmentation. It 
seems intuitively plausible that the high fragmen- 
tation of alpine habitats, combined with a short 
flowering season and often windy climate should 
select for showy flowers, provided the selective 
force, the right pollinators, are available (see 
below). 

There are also characteristic seasonal changes 
in the dominant coloration of flowers (“aspect”). 
For instance, in the central Himalayas, the season 
starts with blue {Gentiana, Primula)^ changes into 
yellow {Ranunculus, Taraxacum) and then white at 
early peak season (Anemone) merging into a mix 
of yellow and red when the monsoonal season 
starts in July (Polygonum, Potentilla, Geum). In 
August, red and blue take over (Polygonum, Cyan- 
thus) followed by a white September (Selinum, 
Anaphalis), and the season closes in blue again 
with Gentiana and Cyanthus (Ram et al. 1988). It 
is likely that such periodicity is also associated 
with pollinator preferences, but it may simply 



reflect the dominance of certain taxa at certain 
times without any additional function. Coloration 
phasing is not that pronounced in the alpine zone 
of the Alps, although it is well known from 
montane hayfields, which often go through sharp 
transitions from yellow to white and then to mix- 
tures including pink and blue at the flowering 
peak. In alpine grasslands in the Alps, white is 
common early in the season, whereas the second 
half of the summer is dominated by yellow 
(Leontodon, Hieracium). At the same time, a suite 
of different colors may be found in open scree 
vegetation. 

Given the difficulties of successful pollination at 
low temperatures (see below), the widespread phe- 
nomenon of solar tracking by alpine flowers 
(“heliotropism”) has been discussed as an adap- 
tive means. Totland (1996) examined this in alpine 
Ranunculus acris by not allowing flowers to track 
and by comparing reproductive success with con- 
trols, but he could not see any effect in this spe- 
cies, although inflorescence centers were slightly 
warmer in those allowed to track the sun. It is 
noteworthy that solar tracking in alpine flowers 
was found to be spectra sensitive (Stanton and 
Galen 1993) with blue light being most effective in 
yellow flowers. 

If one browses the more general alpine litera- 
ture, one gets the impression that abundance and 
activity of pollinators decreases with elevation, 
so that alpine plants have a problem. Neither the 
above trends in breeding systems, nor the more 
detailed work by specialists on alpine pollination 
supports this view (e.g. Kalin-Arroyo et al. 1982). 

For instance, Erhardt (1993) noted that the 
edelweiss (Leontopodium alpinum) receives flower 
visits from 29 different insect families, with flies 
being most important. The pollinator spectrum 
definitely does changes with elevation. Butterflies 
and beetles become much less important, whereas 
bumblebees (Bombus spp.) and flies become 
more important (in the Alps, flies of the genus 
Rhynchotrichops are very important pollinators 
according to Franz 1979 p. 253). Working with 
Campanula rotundifolia, Bingham and Orthner 
(1998) demonstrated that actual pollination does 




266 16 Plant reproduction 



not differ across a wide range of elevations, 
although visiting rates to flowers decreased. They 
resolved this discrepancy by showing that: 

• the period of stigma receptivity was signi- 
ficantly longer, and 

• the deposition of pollen per visit was signi- 
ficantly larger at alpine altitudes. 

Their low elevation populations of Campanula 
were receptive for 1.46 days, the high altitude 
populations for 2.36 days. Prolonged flower dura- 
tion seems to be common at high elevations. 
Arroyo et al. (1981) determined means across 
many species of 4.1 days for 2310 m versus 9.0 days 
at 3550 m elevation in the Chilean Andes. In addi- 
tion, these authors found the mean total flowering 
period per species to increase from 3.2 weeks to 
10.8 weeks along this Andean transect. Hence, the 
overall duration of receptive flowers increases 
with altitude. In line with the observations by 
Bingham and Orthner, Gugerli (1998) also found 
no support for the pollinator limitation hypothe- 
sis in high versus lower altitude populations of the 
early flowering Saxifraga oppositifolia in the Alps. 

At low elevation, less efficient solitary bees 
accounted for most flower visits in Bingham 
and Orthner’s study, whereas bumblebees were 
the dominant pollinators at high elevation, and 
these carry a lot more pollen. These authors re- 
emphasized the great importance of bumblebees 
for alpine plants. Bergmann et al. (1996) provided 
some climatological and behavioral explanations 
for this. According to these authors, bumblebees 
were observed flying at temperatures as low as 
4°C (6°C for butterflies) and at wind speeds of up 
to 8ms"^ (6ms~^ for butterflies). When butterflies 
were seen, they were only on flowers in 0.9% of the 
observations, compared with 69% in bumblebees. 
Bumblebees were also much less fancy about 
specific flowers: of the 18 observed plant species, 
they visited 17, while butterflies visited 4, with two 
thirds of all their visits to a single species, Silene 
acaulis, A census of flower vistations in alpine 
grassland in the Alps (site 1 in Fig. 4.3) during a 
student field course in early July (flowering peak) 
and during bright weather, did not suggest a 



similar significance of bumblebees as discribed for 
the Scandes. Flies dominanted, and there were lots 
of different butterfly species, but hardly any bees 
or bumblebees. 

Elevational trends of pollinator abundances 
also occur in the subtropics and tropics: less pol- 
lination by birds and butterflies, increasing impor- 
tance of flies, bees and bumblebees (e.g. Berry and 
Calvo 1994; Loope and Medeiros 1994). According 
to Berry and Calvo, Bombus species are the most 
common pollinators of Espeletias, but two spe- 
cies of humming birds also visited Espeletia be- 
tween 3900 and 4300 m elevation, and one of 
these was active even during light rain and 
snow flurries, when no insect activity was record- 
ed. These authors also report experiments with 
mesh bags which suggest that some high altitude 
Espeletia species may, at least partly, be wind 
pollinated. 

Seed development and seed size 

Once pollination is successful, seed development 
is the next critical step. Like the ecological im- 
portance of developmental processes, which in 
general are poorly researched, alpine embryology 
is a widely neglected field. Given the long acknowl- 
edged difficulties many alpine species have with 
seed ripening this is surprising indeed. 

For a fertilized ovule to become a viable seed it 
requires three, partly overlapping developmental 
steps: 

• Cell division (histogenesis of the embryo, the 
future storage tissue and the testa), 

• Differentiation of embryo tissue and testa, and 
filling of the endosperm with reserves, and 

• Dehydration of the seed to ca. 15% moisture 
content and hardening of the testa. 

Parallel to seed development, the ovary turns 
into a fruit, which also requires investments 
because of growth in size, formation of special 
surface structures for dispersal, development of an 
attractive pericarp for dispersers etc. Energetic 
and carbon costs for the formation of the seeds’ 
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envelope can substantially exceed those for seed 
formation. Hence there must be enough time, 
enough thermal energy and enough resources 
for both the fruit and its seeds to mature. 
Somehow, the plant must control its reproductive 
output at this stage with respect to resource avail- 
ability, which means adjusting the number of 
fertilized ovules per fruit (in multi-seed fruits) 
which will enter the seed development lineage, 
and thereby also determine final fruit size 
(first detailed discussion by Soyrinki 1938). A 
significant fraction of the overall control of repro- 
ductive investment has already occurred, when the 
size of the inflorescence and the number of flow- 
ers were determined. At this second step, the con- 
trol runs via abortion of surplus ovules, which 
must happen rapidly after fertilization, before 
significant investments in seed development have 
occurred. The causes for and the control of these 
adjustments are extensively discussed in the lit- 
erature. For alpine plants I refer to the in-depth 
consideration by Stocklin and Favre (1994). The 
net result of these processes is the seed to ovule 
ratio (Molau 1993), which is rarely 1.0, and more 
commonly somewhere between 0.3 and 0.7 (see 
Fig. 16.6 and the earlier discussion). Akhalkatsi 
and Wagner (1996) and Wagner and Reichegger 
(1997) for instance, report values of 0.5 to 0.9 for 
Gentianella caucasea, and 0.5 to 0.6 for two alpine 
Carex species (see below). 

Although the greatest investments in seeds in 
terms of assimilates occur during step 2, available 
evidence suggests that it is step 1 which is most 
sensitive to temperature and thus critically deter- 
mines the success of seed formation. According to 
the detailed studies in Carex curvula and Carex 
firma in the Alps by Wagner and Reichegger 
(1997), seed development starts with an 8-16 day 
lag in any measurable change in size or major 
increase in cell number. During this phase, either 
no or only the very first cell divisions of em- 
bryogenesis occur as they were documented 
by Erschbamer et al. (1994). The cause for this lag 
appears to be unknown, but must include impor- 
tant developmental processes, given the fact that 
alpine plants have no time to waste. The major. 



almost linear process of histogenesis, i.e. the cre- 
ation of the future seed’s cell number and tissue 
volume, takes between 30 and 40 days in these 
sedges, depending on the local thermal regime. 
The sensitivity of this process to temperature 
was demonstrated by comparing durations of his- 
togenesis on slopes of contrasting exposures, 
which caused the means to differ by 8 to 10 
days for north versus south or west slopes. As 
can be seen from Fig. 16.7, it is largely the 
endosperm tissue which requires this long for- 
mation period and which accounts for <90% of 
the final seed volume. Most of the size increment 
of the embryo occurs during the last two weeks 
of histogenesis. Once the tissue volume is com- 
pleted, endosperm filling with reserves and seed 
maturation are a matter of less than 10 days. Al- 
together, these two early flowering species take 
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Fig. 16.7. In situ time course of seed development in Carex 
curvula expressed as length increment of total seed and its 
endosperm and embryo fractions (central Alps, summit of 
Mt. Patscherkofel, 2240 m). (Wagner and Reichegger 1997) 
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between 49 and 56 (in one special case up to 69) 
days for developing their seeds. 

Much more rapid seed development was 
measured by Akhalkatsi and Wagner (1996) and 
Wagner and Mitterhofer (1998) in two of the latest 
flowering alpine species known, the closely related 
annuals Gentianella caucasea (central Caucasus, 
2200-2700 m) and Gentianella germanica (central 
Alps, 2000 m; Fig. 16.8). The study in the Caucasus 
revealed no developmental lag. The endosperm 
nucleus started to divide immediately after fertil- 
ization and only once a mass of 128 free nuclei 
were formed did these start to envelope them- 
selves with cells and the endosperm became cellu- 
lar. The first division of the zygote occurred when 
endosperm nuclei entered their forth division 
cycle. Sixteen to 20 days after anthesis, mature 
seeds were released (about half the size of seeds in 
the two Carex species). The Gentianella popula- 
tions studied in the Alps were separated into late 
and less late genotypes. The less late ones took 22 
days to produce seeds, the very late ones took 
33 days, but these days included cold October 
weather. Sums of thermal time (degree days) were 
very similar for both genotypes (ca. 250 degree 
days). While endosperm filling and maturation 
occupied a small fraction of seed development in 
Carex, it represented about half of the develop- 
ment time in Gentianella, but again, turned out 
to be more robust against temperature differences 
than histogenesis. Thus the acceleration of seed 
development compared with Carex was due to the 
absence of a lag phase, faster histogenesis and 
smaller seed size. At 0.95, the seed/ovule ratio 
reached an extremely high value in both geno- 
types studied in the Alps, indicating very high 
reproductive success, despite the extraordinary 
late date of flowering (some plants started to 
flower in September) and possibly reflects a high 
degree of selfing. 

Comparing phenophases and seed develop- 
ment in Festuca rubra near the treeline and at low 
elevation, Larcher (1996) concluded that the delay 
seen at high altitude was largely the result of pro- 
longed differentiation of flowers and seed- plus 
embryo-tissue, and was due to a lesser extent to a 



slowing of expansion growth and tissue matura- 
tion (seed filling). Rate differences were largely 
explained by different thermal sums. A 9-year 
record of germinability (i.e. quality) of seeds col- 
lected in the subarctic alpine belt by Laine et al. 
(1995) illustrated substantial year to year variation 
(including zero values in several species), which 
could also be explained by thermal sums during 
respective growing periods. Given that the devia- 
tion of the mean June to August air temperature in 
this region varied by ±1.5 K during these 9 years, 
this is perhaps the strongest evidence for the sen- 
sitivity of seed development to temperature in 
such cold regions. 

The two case studies for early (Carex) and late 
flowering alpine species (Gentianella) illustrate 
the likely amplitude of development duration of 
seeds in temperate zone mountains (extremes 16 
and 69 days). A most important message from 
these investigations is that it is tissue (cell) forma- 
tion rather than tissue filling with reserves which 
appears to constrain the overall rate of develop- 




Fig. 16.8. In situ time course of seed development in two 
extremely late flowering Gentianella species, starting from 
mid August flower cohorts (G. caucasea, central Caucasus, 
2200-2700 m; G. germanica, central Alps 2000 m). 

(Akhalkatsi and Wagner 1996; Wagner and Mitterhofer 1998) 
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ment in seeds in the cold. In line with the conclu- 
sions on vegetative growth (Chaps. 12 and 13), 
formative processes once more appear to limit 
growth in cold climates to a greater degree than 
assimilate provision. The caveat to this is that 
the overall investments in sexual reproduction by 
alpine plants do reflect their vegetative vigor and 
size, which are co-controlled by resource avail- 
ability, as they are in plants in general (Stdcklin 
and Favre 1994). 

The product of these processes are mature 
seeds. Given that alpine plants are so much smaller 
than lowland plants, one might have expected 
that they also produce much smaller diaspores. 
However, this does not seem to be the case (Table 
16.1; see also Thompson and Rabinovitz 1989). 



Although diaspore weight may be anywhere 
between 2 and 2000 pg, mean weights of random 
samples of comparable lowland and alpine forbs 
from various latitudes are surprisingly similar and 
average around 470 pg (excluding the microscopic 
seeds of orchids and diaspores with massive 
pericarp involvement, with wings or parachutes 
etc.). The survey presented in Table 16.1 is by no 
means exhaustive, and a more careful examination 
of a specific flora may reveal some interesting 
trends, but these data at least suggest that it is 
unlikely that massive elevational difference occur 
in diaspore weight, as they do exist in leaf and 
plant size. 

Because the list in Table 16.1 includes many 
genera in which diaspores resemble compound 



Table 16.1. Diaspore weights (pg) of alpine forbs from various latitudes and from temperate lowland grassland (original data 
except for^’’"’^) 



Origin 


Number of species 


Smallest seed 


Heaviest seed 


Mean ± s.e. 


Lowland meadow, 550 m 


17 


50 


1450 


525 


114 


Tirol, Austria, 47°N 
Lowland meadow, 370 m 


9 


2 


980 


415 


110 


Abisko, Sweden 68°N 
Montane meadow, 1700 m 


19 


3 


2000 


635 


130 


Tirol, Austria, 47°N 
Alpine grassland, 2600 m 


18 


4 


960 


442 


80 


Tirol, Austria, 47°N 
Alpine glacier forefield, 1960 m 


9a 


40 


1220 


369 


123 


Swiss Alps, 47°N 

Alpine vegetation, (2300-3000 m) 




40 


1380 


598 


95 


Swiss Alps 47°N 

Subarctic-alpine fellfield, 1150m 


1 


4 


840 


339 


no 


Abisko, Sweden, 68°N 
Sub-tropical alpine, 4250 m 


20 


8 


1540 


411 


92 


Cumbres Calchaquies, 
Argentina, 26°S 

Total means across all sites (n = 8) 




2 


2000 


467 


38 


Reference: British grassland 


53^ 


20 


2550 


818 


143 



^ From Stocklin and Baumler (1996). 

From Urbanska and Schiitz (1986), only Caryophyllaceae and Asteraceae, a single number for Cirsium spinosissimum of 
2340 jig was disregarded. 

From Grime et al. (1988). Only those dicotyledonous, herbaceous species were included in this comparison which grow in 
sunny places, on well drained ground and in relatively undisturbed and unfertilized habitats. Anthriscus Silvester (5180 jig), Cen- 
taurea scabiosa (7460 jig) and Heracleum spondylum (5520 jig) where omitted from the sample, because of their extraordinary 
diaspore sizes. For a discussion of this mean, see the text. 
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units of seed and fruit (achenes, nuts with various 
structures for dispersal attached), means would 
come out slightly lower for seed-only diaspores. 
An examination of the raw data for Table 16.1 indi- 
cates that means are strongly affected by the inclu- 
sion of species with very light diaspores (mostly 
seeds) as they occur among alpine Caryophyl- 
laceae, Saxifragaceae, and some Asteraceae (e.g. 
Gnaphalium and Antennaria), and species with 
very heavy diaspores, common in some Aster- 
aceae, Ranunculaceae, Rosaceae and particularly 
in Apiaceae, Fabaceae and Polygonaceae (e.g. 
Rumex). Heaviest true seeds are commonly those 
of legumes (not included in Table 16.1), irrespec- 
tive of altitude or latitude, a family getting increas- 
ingly rare at higher elevations. 

The mean for comparable species (and life 
conditions) extracted from Grime et al.’s (1988) 
compilation of British grassland species is sub- 
stantially higher than in the various samples con- 
sidered in Table 16.1, even when some extreme 
cases are omitted. The mean seed weight of the six 
grassland legumes included in the British sample 
of 1380 + 330 (s.e.), certainly adds to that differ- 
ence, but cannot fully explain it. Urbanska and 
Schiitz (1986) report an even higher mean for eight 
alpine legumes of 2180 ± 480 pg. The mean for six 
comparable British Carex species (not included in 
the above mean) is 1088 ± 203 pg (s.e.) with a range 
from 370-1880 pg, which overlaps with the 420 pg 
and 1620 pg reported for Carex firma and Carex 
curvula by Wagner and Reichegger (1997). No data 
seem to be available for typical alpine grasses, but 
the mean for caryopses of the 24 Poaceae listed by 
Grime et al., which fulfill the criteria used in Table 
16.1, is similar to that in the British forbs, namely 
853 ± 170pg (s.e.; range 20-2400 pg) if Bromus 
erectus with 4230 pg is disregarded. This would 
be the mean against which caryopses of alpine 
grasses could be compared with, although variable 
contributions of awns could substantially bias 
such a comparison. 

A functional interpretation of the diaspore 
sizes observed in the alpine flora seems difficult 
at this stage. The classical concept that pioneer 
vegetation is small seeded whereas late succes- 



sional vegetation is" heavy seeded (Kerner 1871; 
Salisbury 1974) can only be tested within taxo- 
nomically related groups. Within alpine Aster- 
aceae and Rosaceae, such a trend seems possible 
(extreme small seeds in some snowbed species), 
but overall the sample size available is too small 
and family is too high a taxon for testing this. 
There also seems to be a trend in late flowering 
alpine species of producing smaller seed, but many 
of these are also late successional, and some very 
early flowering species also produce very small 
seed (e.g. in Saxifragaceae) contrasting with the 
commonly heavy diaspores of early Ranunculus. 
Obviously, this is a field that requires more sys- 
tematic research. Overall, diaspore weight is 
a genus and species characteristic (Urbanska and 
Schiitz 1986; Thompson and Rabinovitz 1989), and 
only at this level might one see ecologically 
significant elevational trends. However, according 
to these authors, the chances are small because 
diaspore or seed weight are rather conservative 
plant traits. Landolt’s (1967) assessment of taxo- 
nomically related lowland and upland species 
revealed no significant elevational difference, but 
a trend of increasing rather than decreasing dias- 
pore weight in some of the groups he considered. 
Baker (1972) in his large survey of Californian 
species, including alpines, concluded an overall 
decrease in herbaceous seed size with elevation 
and he demonstrated this at genus level, within 
Penstemon and Trifolium. However, iheTrifolium 
data shown in Fig. 16.9 illustrate why this trend 
occurred. It is only due to the occurrence of a few 
species with very heavy seeds from a low elevation, 
whereas the minimum seed size observed actual- 
ly increases with elevation. If these heavy seeded 
species were from dry lowland habitats (which 
is likely in California), than the comparison is 
invalid, because it includes a gradient which is 
drought, not elevation specific (see Chap. 3). A 
study of Plantago asiatica indicated a trend from 
larger numbers of small seeds at lower elevations 
to smaller numbers of larger seeds at higher ele- 
vations (Sawada et al. 1994). 

Taking all this information together, mean dias- 
pore weights for non-woody alpine plant species 
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Fig. 16.9. Elevational trends of seed size in the genus 
Trifolium in California (see the discussion in the text). 
(Baker 1972) 



are either similar or, for some groups of species, 
moderately smaller, for others even slightly bigger 
than in comparable groups of lowland species, but 
the bias of taxonomic relatedness makes the com- 
parison very difficult. It can safely be concluded 
that extremely heavy diaspores (<4mg) as found 
in some lowland forbs, do not occur at high eleva- 
tion. The comparison of diaspore weights in sub- 
tropical-, temperate- and subarctic-alpine plants 
suggests that season length has little influence on 
weight spectra and means. From this it may be 
concluded that alpine seed or diaspore size are not 
closely linked to climate or resource availability, 
but more arctic and tropical alpine data would be 
needed to verify this statement. 



Germination 

Whenever tested, seeds of the majority of alpine 
plant species were found to germinate readily if 
they had experienced adequate dormancy and/or 
cold prfe-treatment. The first broad screening tests 
of alpine seedviability were those by Braun (1913), 
Liidi (1933) and Soyrinki (1938). At the time Braun 
examined almost the complete above snowline 



flora of the Alps, it was not known that enforced 
dormancy and/or low temperature preteatment 
can accelerate germination, so he often arrived 
at low germination rates, but he noted the much 
greater success from collecting seed in spring 
instead of fall. Overall, these authors noted 
the most essential points for seasonal alpine 
climates: 

• No (or little) current season (pre-winter) 
germination, 

• High germinability (<50%) in the majority of 
the species after dormancy (winter), 

• Very rapid onset of germination following snow 
melt, 

• Remarkable temporal spreading of succeeding 
(later) germination events. 

These observations refer to germination under 
controlled, mostly warm conditions, which will be 
considered first, and which reflect the potential for 
recruitment. Actual germination and seedling sur- 
vival in the field will be discussed later. From the 
most extensive of these germination experiments, 
the ones by Soyrinki with species from the 
subarctic- alpine zone (he experimented with 91 
species of the 197 he observed in the field), the 
following results can be summarized: storage at 
winter temperatures was not essential, but greatly 
increased germinability in the majority of species. 
Later experience (see below) suggests that in most 
(not all) cases it is the several months dormancy 
as such, and not necessarily low temperature 
which is responsible for the much greater germi- 
nation success in spring compared with fall. Dor- 
mancy can be extended by dry storage. Stored at 
4°C, alpine seeds were found to remain viable over 
several years (e.g. Weilenmann 1981), in some 
cases {Hutchinsia, Arabis, Dryas) germinability 
even increased with time. At freezing tempera- 
tures, seed longevity seems almost unlimited 
(Billings and Mooney 1968). 

After experiencing winter dormancy, only 12 
out of the 91 species studied by Soyrinki did not 
germinate, but this either had to do with unripe 
seed or other peculiarities, so that one can safely 
conclude that more than 90% of the species ger- 
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minated. In half of these, more than 60% of all 
seeds germinated (mostly <80%). Lowest germi- 
nation rates (1-20%) were found in Ffo/a, Pm- 
guicula and in three of the ten Carex, and three 
of the seven Ericaceae species tested. Typical 
snowbed species ranked in the top group. Similar 
patterns were observed by Braun (1913) in the 
Alps who concluded that environmental condi- 
tions high above the snowline do not preclude 
seed maturation and that these outposts of higher 
plant life do not depend on seed import from 
lower elevations. 

Extremely fast germination (within 1 week after 
moistening) occurred in S5yrinki’s tests in Oxytro- 
pis campestris, Oxyria digyna, Cerastium alpinum, 
Cardamine resedifolia, Silene acaulis. Taraxacum 
officinale, Dryas octopetala, Gnaphalium nor- 
wegicum and a few others. Among the fastest 
grasses were Poa alpina and Festuca ovina. After 
a first rapid wave of germination, almost a third 
of the species exhibited additional germination 
events delayed over several weeks. An interesting 
observation was that a number of species (e.g. six 
of the ten Carex) germinated in two waves sepa- 
rated by a whole year, obviously reducing the risk 
of complete failure of recruitment in a bad season. 
Soyrinki noted that a few species which germina- 
ted very badly under his warm test conditions, did 
so rapidly in the field, notably Luzula and Pedi- 
cularis. Like Soyrinki, Liidi (1933) was also 
impressed by the very high percentages of germi- 
nating seeds. Of his 86 species from the alpine 
grassland belt only two {Agrostis capillaris and 
Calamagrostis varia), did not germinate on wet 
blotting paper in a warm room. All three of 
these early investigators noted the high spe- 
cies specificity of germination behavior. These 
few notes should suffice to illustrate the type of 
responses also likely to be seen in other seasonal 
alpine vegetation. 

All more recent studies from the temperate and 
sub-arctic zone added to the enormously varied 
picture of germination characteristics in alpine 
plants (e.g. reviews by Amen 1966; Billings and 
Mooney 1968; Bliss 1971; Fossati 1980; Urbanska 
and Schiitz 1986; Chambers et al. 1987, Wildner- 



Eccher 1988; newer "work for instance by Laine et 
al. 1995 and Stocklin and Baumler 1996). It almost 
seems like this is the aspect of alpine plant life 
which bears the greatest of all functional variabi- 
lities. The complicated web of interactions 
between genotypic features, growth conditions of 
seeds, dormant history, time of snow melt and 
actual seedbed conditions makes it impossible to 
draw any general picture that could be considered 
“typically alpine”. 

In fact, there does not seem to be anything 
special compared with low elevation vegetation at 
these latitudes - perhaps except for a more pro- 
nounced requirement of (winter) dormancy in the 
majority of alpine taxa before they germinate, 
but even this was questioned as a result of some 
studies in North America (Billings and Mooney 
1968). Winter dormancy was suggested by these 
authors to be largely imposed by the environment, 
rather than being seed controlled or required. 
This conclusion largely rests on germination 
success under warm test conditons, which may 
overrule dormancy in many species, compared 
with seedbed conditions in the field. Early 
flowering and early seeding species in particular, 
would run into serious problems if they germinat- 
ed in warm late summer weather (see the 
discussion by Urbanska and Schiitz 1986). Soyrin- 
ki’s data discussed above, clearly demonstrated 
the comparatively poor (in many species 
zero) autumn germinability. A few species seem 
to need the experience of low temperatures 
before they germinate, and thus cannot be fooled 
by dry storage alone - at least their germina- 
tion is greatly enhanced after freezing instead 
of warm-dry storage (e.g. Luzula spicata, Viola 
biflora). Among other possibilities, seed coat 
scarification during freeze-thaw cycles in nature 
has been discussed as a likely mechanism that 
can break dormancy in such species (Bliss 1971 
and references therein). Seeds of tropical Espeletia 
would not germinate unless cold pretreated 
(Pannier 1969, see below). It was also observed 
that it makes a difference to germinability whether 
the cold storage is dry or wet, with wet stored seeds 
germinating much faster (Table 16.2). 
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Table 16.2. Days required for 50% of final germination to be 
attained in alpine seeds stored for 90 days at either cold and 
dry or cold and wet conditions. Seed beds of alpine soil main- 
tained at 18/4°C day/night temperature. Species ranked by wet 
storage success (samples from Beartooth Plateau, 3050 m, 
Monatana). From Chambers et al. (1987; their data pooled 
across successional stage of species and light regime, which on 
average had comparatively small or irregular effects) 



Species 


Wet cold 
storage 


Dry cold 
storage 


Festuca idahoensis 


1 


10 


Artemisia scopulorum 


4 


10 


Deschampsia caespitosa 


5 


9 


Potentilla diversifolia 


5 


10 


Geum rosii 


5 


16 


Calamagrostis purpurascence 


6 


15 


Sibbaldia procumbens 


7 


14 


Polemonium viscosum 


10 


18 


Mean ± SD 


5.4 ± 2.6 


12.8 ± 3.4 



Above, the potential rate of germination under 
standardized, warm conditions was discussed. 
Which component of the natural environment can 
limit the actual germination process once dor- 
mancy is broken? There is consensus in the litera- 
ture that influences of temperature exceed any 
other potential influence, and moist alpine seeds 
commonly do not care for a special light regime, 
although there is occasional evidence in virtually 
all tests, that in some species light/dark treatments 
have a modulating effect of unpredictable direc- 
tion (e.g. Chambers et al. 1987). Also, the influence 
of various natural substrates on germination have 
been tested, but there were no effects on germina- 
tion per se (Fossati 1980; Weilenmann 1981). 

The first exact experimental approach to the 
question of thermal influences on the progress of 
germination was the provenance screening by 
Mooney and Billings (1961) in Oxyria digyna. This 
typical cold-adapted species native to arctic and 
alpine environments was unable to germinate at 
3°C, and reached a maximum at 20 °C (Fig. 16.10). 
Remarkably, the rate of germination was less at 10 
°C than at 30 °C. When the 3 °C pretreated seeds 
were moved to 20 °C, their rate of germination 




Fig. 16.10. Percentage of germinated seeds of Oxyria digyna 
at day 14 after moist exposure to different temperatures. The 
maximum number of germlings was observed at 20 °C which 
was used as the 100% reference. Means of log transformed 
percentages for seed families from five alpine sites in the 
Rocky Mts. and the Sierra Nevada of California calculated 
from data in Mooney and Billings (1961) 

quickly exceeded the rate of those which were at 
20 °C from the beginning. Thus surprisingly high 
temperatures are required for optimal germina- 
tion, and deep cycle variation of temperature 
during germination accelerated the process, rather 
than delayed it. 

Later experiments by various authors and with 
various arctic and alpine species confirmed the 
relatively high temperature requirements for ger- 
mination in cold climate plants (cf. Billings and 
Mooney 1968, Wildner-Eccher 1988). A constant 
temperature of 5°C, Amen (1966) even claimed 10 
°C, seems to be a low threshold, but oscillations 
between 2-4 °C and 9-13 °C, as they occur in 
nature, led to positive results. Seeds of tropical- 
alpine species seem to have similarly high thermal 
requirements for optimal germination. Pannier 
(1969) tested temperature responses of Espeletia 
schultzii achenes. As mentioned above, Espeletia 
did not germinate unless treated for 30 days with 
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2°C. Except for 17°C, constant seed bed tempera- 
tures of 5, 12, 22, 24, 27 and 30 °C without cold pre- 
treatment led to zero germination and at 17°C the 
success was 25% of viable seed. However, cold pre- 
treated achenes germinated rapidly with a peak at 
17 °C when kept in light (Fig. 16.11). In complete 
darkness, germination was reduced (zero ger- 
mination below 17 °C) and the peak occurred at 
24 °C. Repeated surface drying and rewetting 
enhanced germination significantly in compari- 
son to constant moisture. 

Including further published data. Bliss (1971) 
concluded that alternating day-night tempera- 
tures between 10 and 20 °C lead to highest germi- 
nation rates. From the observations by Pannier 
(above), one may extend this to say that envi- 
ronmental variation (in a physiological range) in 
general is stimulative. Billings and Mooney (1968) 
refer to agronomic literature for grass and winter 
cereal germination for which similar or even lower 




Fig. 16.11. The temperature response of germination in the 
light in 2 °C-stratified achenes of Espeletia schultzii of the 
Venezuelan paramos. One hundred percent corresponds to 
total number of viable seeds as determined by the 
tetrazolium method. (Pannier 1969) 



threshold temperatures for germination were 
reported. Thus germination, one of the most ele- 
mentary developmental processes in the life cycle 
of alpine plants, does not seem to differ in its 
thermal requirements from what is known from 
cool adapted low elevation plants from temperate 
latitudes. Soil warming above ambient tempera- 
tures by solar radiation is therefore an important 
pre-requisite of alpine plant recruitment. At the 
same time, this is one of the greatest dangers for 
seedlings, because following topsoil desiccation 
may rapidly become fatal. Also, soil heating by 
itself may be deadly for unprotected seedlings on 
bare ground (see Chaps. 4 and 8). Rapid germi- 
nation in spring allows plants to utilize the gap 
between cold limitation and these alternative 
dangers of a progressing season. Billings and 
Mooney (1968) had suggested that the high 
thermal threshold for germination increases the 
probability that the initial life phase of a seedling 
falls in a most favorable part of the year. 

Alpine seed banks and 
natural recruitment 

In situ observations of seed germination are less 
abundant than laboratory tests of germinability 
as was discussed above. However, throughout the 
literature (starting with Soyrinki’s 1938 survey) 
authors noted ample seedling presence in most 
alpine plant communities. Due to high mortality, 
only a very small fraction of seedlings survive. In 
order to illuminate this critical part of the life cycle 
under natural conditions, I will present some data 
on seed production and dispersal, and then 
comment on alpine seed banks and recruitment. 
In the following, ‘‘seed” is used as a synonym for 
all sorts of diaspores. 

Kerner’s (1871) rather modern account of seed 
dispersal strategies in alpine plants contains the 
most essential points. He distinguished between 
seed attributes for short and long distance trans- 
port, with the former strategy more often found in 
late successional and the latter more often in early 
successional communities. He predicted higher 
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seed rain densities from pioneer communities 
than from old turf vegetation, but was surprised 
that the bulk of the seed rain he collected from 
firn-fields closely reflected community structure 
on adjacent young moraines. Hence, long distance 
transport was not as ‘long” as might be expected 
from the frequency of parachutes and wings etc. 
attached to seeds in those pioneer communities. 
Aliens were missing in his collections. Kerner’s 
aeronautic experiments with alpine seeds of 1 mg 
weight suggested that the mean distances winged 
seeds reach at equal wind velocity are only two to 
three times those reached by wingless, when both 
are allowed to launch from the same platform. 
Kerner concluded that most of seed dispersal in 
alpine vegetation is still of relatively short dis- 
tance, a conclusion which is reflected in data of 
modern dispersal and seed bank analysis (see 
below). 

Species spectra in seed rain studies with water 
filled seed traps distributed over ca 1 km^ of fore- 
land of the Swiss Morteratsch glacier by Stocklin 
and Baumler (1996) confirmed the very close asso- 
ciation with nearby vegetation. During 95 days of 
the fruiting season, these authors trapped between 
125 and 2000 seeds m“^ depending on the succes- 
sional age of the nearby community, which ranged 
from ca. 5 to more than 45 years since release from 
ice (34 species trapped in total). The highest seed 
number was trapped near 45-year-old vegetation 
(still an early successional assemblage of species). 
The species abundance in the seed rain (long dis- 



tance dispersal) reflected the effectiveness of 
propagation devices and was highly skewed. Of all 
trapped seeds, 65% were parachutists {Epilobium, 
Hieracium), 30% had wings {Oxyriay Rumex) and 
only ca. 5% had no such devices, but were extreme- 
ly small seeded (Saxifraga). In the first two groups, 
<90% of all seeds belonged to the two species 
mentioned. Hence, seed rain, while closely resem- 
bling the species spectrum of the region, was far 
from reflecting the actual species abundance. 
These authors also directly tested short distance 
dispersal of seeds in six pioneer species differing 
in “aeronautic fitness” (the spectrum ranging from 
species with very small seeds and a long plume to 
species with heavy round seeds; Table 16.3). Except 
for Epilobium fleischeri with extremely light and 
plumed seeds, very few seeds were trapped at more 
than 40 cm from the seed source, most seeds were 
trapped within 14 cm. 

A rather detailed analysis of alpine seed dis- 
persal was conducted by Scherff et al. (1994) for 
the Rocky Mountains snowbed species Ranun- 
culus adoneus. Applying the adhesive seed 
trap method, they documented that virtually all 
achenes of this species remained within 16 cm of 
the maternal parent - similar to what Stocklin and 
Baumler observed in their five non-parachutist 
species. Secondary dispersal through snow glid- 
ing, melt water or rain etc. added 10 cm (downhill) 
to the primary dispersal distance. Scherff 
et al. explain this rather conservative dispersal 
strategy by the specific spatial limitations of the 



Table 16.3. Short distance dispersal of 
seeds in glacier forefield species (% of 


Species 


Distance from source (cm) 




Seed weight (|ig) 


trapped seeds). Seeds were trapped by 
adhesive on Petri dishes arranged in 




14 


39 


114 


214 




four circles with increasing radius. Per- 
centages per circle were calculated 


Trifolium pallescence 


100 


- 


_ 


- 


688 


from the total number of seeds trapped 


Oxyria digyna 


94 


6 


- 


- 


907 


in each circle, corrected for increasing 


Linaria alpina 


92 


5 


3 


- 


253 


perimeter (Swiss Alps, 2000 m). From 


Achillea moschata 


83 


17 


- 


- 


232 


Stocklin and Baumler (1996) 


Saxifraga aizoides 


68 


22 


10 


- 


40 


Epilobium fleischeri 


32 


47 


5 


16 


132" 



Fringe/wing/plume size increase from top to bottom. 
"" Including the long plume. 
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snowbed habitat and the pronounced mycorrhizal 
dependence of this species. Infections outside 
the specific “life niche” seem unlikely. The text by 
these authors is a highly recommended review 
of dispersal strategies and niche theory, relevant 
for high mountain situations. Taken together, 
these two studies suggest that short distance 
dispersal is not only a snowbed peculiarity, but 
appears to be a more common phenomenon in 
alpine vegetation. 

The above examples were for young communi- 
ties. Spence (1990) compared seed rain in four 
types of late successional alpine communities 
in the Craigieburn Range of New Zealand and 
obtained mean annual inputs of between 340 seeds 
m"^ (fellfield) and 5000 (snowbed), with tussock 
grassland and herb fields taking middle positions 
(1050 to 1630 seeds m“^). Out of 10 to 32 species 
occurring in these communities, 5 to 13 showed up 
in seed rain (mean 40-50%, with dispersal dis- 
tances largely >50 cm). Chambers (1993) conduct- 
ed seed rain studies in both late successional 
alpine turf (90% cover, 54 species) and an adjacent 
35 year old borrow area (25% cover, 34 species, 
mostly species which also occur in the late succes- 
sional plots) in the Beartooth Mts., Montana. Her 
data for 3 years average at 5200 seeds m“^ a"^ in the 
turf and 10700m“^a"^ in the young vegetation 
on disturbed flats, which is in stark contrast to 
cover. The species spectrum found in traps was 
similar. The overall difference in seed number 



resulted largely from 4100 instead of 340 seeds 
from Deschampsia and 1400 versus 200 seeds 
in Cerastium (plus some further differences in 
pioneer graminoids). In the turf, seed abundance 
in seed rain did not reflect actual species abun- 
dance, because the dominant long-lived clonal 
species were highly underrepresented, whereas in 
the disturbed area, the shorter lived dominants 
were also the major seed source. Hence, species life 
history was the major determinant of seed rain 
composition. This is also reflected in the seed bank 
data presented below, in particular those by 
Semenova and Onipchenko (1994), who studied 
seed banks which turned out to be dominated by 
seed of non-dominant species. 

The net result of seed rain, seed predation or 
other losses, and germination is the dormant seed 
bank, from which a community derives its recruit- 
ment or is driven along a successional lineage 
(Table 16.4). Alpine seed banks strongly reflect 
seed rain composition, confirm predominant 
short distance dispersal and rarely contain alien 
seed. To balance the annual input of seed, a similar 
number of seeds m“^ must disappear from the 
seed bank every year. For three alpine annuals, 
Reynolds (1984a) found that the major loss of 
individuals occurred between seed dispersal and 
germination (the latter included). 

Disregarding extremes of only a few hundred 
seeds m"^ in a lichen heath, and <10000m“^ for an 
alpine bog reported by Semenova and Onipchenko 



Table 16.4. Examples for emergent 
seed bank sizes in alpine vegetation 
(rounded numbers from germination 
trials in warm greenhouses). Species 
numbers include all, even very rare 
species. Aliens never exceeded 3 
species 



Type of vegetation, site 


Number of all species 
(seed bank only) 


Seed bank 
(nm-^) 


Ref.^ 


Dolomite grassland, Alps (2400 m) 


35 (11) 


1400 


1 


Acidic silicate grassland, Alps (2450 m) 


44 (15) 


1900 


1 


Open grassland/fellfield, Alps (2600 m) 


57 (33) 


1350 


2 


Carex firma community, Alps (2300 m) 


56 (22) 


1500 


2 


Festuca grassland, Caucasus (2750 m) 


55 (24) 


1190 


3 


Tall Herbfield, Caucasus (2700 m) 


38 (16) 


3850 


3 


Snowbed, Caucasus (2700 m) 


22 (19) 


2800 


3 


Geum turf, Beartooth Mts. (3200 m) 


54 (44) 


3800 


4 



1, Hatt (1991); 2, Diemer and Frock (1993); 3, Onipchenko (1994); 4, Chambers 
(1993). 
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(1994, not shown in Table 16.4), numbers for emer- 
gent seed banks of alpine vegetation with high 
ground cover are surprisingly similar across a 
wide spectrum of habitats, and their magnitude 
matches known numbers for lowland grassland 
(Thompson 1978). Semenova and Onipchenko 
(1994) compared emergent seed banks obtained 
from greenhouse and field trials and also investi- 
gated the vertical distribution of the seed bank in 
soil profiles (Table 16.5). The field trials revealed 
only 9-22% of the seed numbers obtained in the 
greenhouse, except for the very poor lichen-heath 
seed bank, where field germination reached 78% 
of the greenhouse result. Of all seeds, 70 to 95% 
came from the top 2 cm of the soil profile, the 
remainder from 2-10 cm depth, with hardly any 
from below 6 cm (10% from deeper than 6 cm in 
Chamber’s 1993 study). In the field, 68-96% of all 
seeds germinated in the first year, the majority in 
spring. 

In summary, these observations suggest that at 
most, only about half of the species composing the 
actual vegetation are represented in emergent seed 
banks. The other half either have deeply dormant 
seeds, very little seed production or very high seed 
mortality. Seeds of the species emerging through 
warm greenhouse treatment would germinate 
only in small percentages under field conditions. 
In all seed banks tested, total seed numbers 
strongly reflected the presence of very few species, 
in late successional vegetation mostly subdomi- 
nant species with very small seeds. Total seed 

Table 16.5. A comparison of greenhouse and field emergence 
of soil seed banks and vertical seed distribution in four alpine 
plant communities of the northwest Caucasus. Greenhouse 
data as in Table 16.4; species numbers in brackets. (Semenova 
and Onipchenko 1994) 



Site 


% In 
top 2 cm 


Green- 

house 


Field 


Lichen heath 


88 


350 (21) 


272 (20) 


Festuca grassland 


93 


1190 (24) 


108 (12) 


Herb field 


70 


3850 U6) 


846 U5) 


Snowbed 


95 


2810 (19) 


256 (12) 



numbers are thus less informative than data on 
species presence and species specific seed abun- 
dance. 

Seedling emergence and establishment are the 
next and final crucial steps of the alpine plant life 
cycle to be discussed. This is the life phase during 
which most genets are lost at all elevations. Unless 
seedlings manage to rapidly anchor deep into the 
substrate, they will die. As mentioned above, 
topsoil desiccation, heat on bare soils and night- 
time needle ice heaving are detrimental, and 
cryogenic processes in the soil during winter in 
seasonal climates permit only few seedlings to 
survive. Along a transect from lower montane 
(2300 m), across the treeline (3500 m) to lower 
alpine grassland (3700 m) in the Rocky Mts., Jolls 
and Bock (1983) found the number of seedlings of 
Sedum lanceolatum per m^ to decline from 25 to 2 
to almost zero. However, high numbers of adults 
were present at all elevations, suggesting that 
seedling abundance and survival are due to differ- 
ent factors than those which control adult distri- 
bution. The loss of seedlings was not constant 
during the season, but was highest at the begin- 
ning and, most surprisingly, the relative survival of 
individuals did not differ among elevations. Once 
more, this example warns against the use of ab- 
solute numbers of propagules for explaining the 
fate of populations. Full probability matrices such 
as the one developed by Rusterholz et al. (1993, Fig. 
16.12) and flowcharts such as those developed by 
Chambers (1995a) are needed to model popula- 
tion dynamics. 

Belowground investments are the key to sur- 
vival. In Oxyria for instance, hardly any shoot 
growth occurs until the second year and the first 
growing season is devoted primarily to root 
system establishment (Billings and Mooney 1968). 
There are several reports in the literature that 
seedling mortality due to physical stress is 
reduced in the shelter of other plants, and cushion 
plants were even considered as a “nurse crop” 
(Bliss 1971; Urbanska and Schiitz 1986; Scherff et 
al. 1994). The often observed clumped distribution 
of seedlings may also reflect shelter effects of 




278 16 Plant reproduction 



Clonal reproduction ■«— Adult rosettes 



Sexual reproduction 




Fig. 16.12. A flowchart of population dynamics in Geum reptanSy a pioneer species, which simultaneously employs sexual 
and clonal propagation on glacier forefields in the Alps. Numbers indicate transition probabilities on a year to year basis. 
Those looping within a certain life stage indicate the probability of a plant remaining in the same category in the following 
season. (Rusterholz et al. 1993) 



micro-relief or neighbor plants (Jarvinen 1984; 
Diemer 1992), although neighbors could have 
negative effects as well, for instance by screening 
solar radiation and reducing seedbed warming 
(Moen 1993). According to Diemer’s (1992) 6-year 
permanent quadrate observations in Ranunculus 
glacialiSy fertilizer addition does not contribute to 
seedling survival, but particle size at the soil 
surface is critical (Chambers 1995b). 

There is no rule as to whether the first growing 
season or the first winter are responsible for 
greatest seedling mortality. Of the six habitats 
with complete cover compared by Urbanska 
and Schiitz (1986), four had the greatest over- 
all seedling losses in summer, one in winter and 
one had none. In Biscutella levigata, seedling 
mortality was more or less evenly spread over 
the first growing season, the first winter and the 
second growing season, with no clear habitat 
effect. Stocklin and Baumler’s (1996) studies in 
glacier forefield communities of varying age 
revealed small summer and high winter mortality 
in moist sites near the retreating glacier and 



similar mortalities in summer and over winter at 
older, better drained sites. Seedling mortalities 
reported in the literature cover the full range 
from none to all, but total 12 month losses com- 
monly exceed 50% in large seeded and 99% in 
small seeded species (see Fig. 16.12). 

Given that in a single season one average 
Ranunculus glacialis individual produces 500 large 
achenes, and one Epilobium fleischeri individual 
60000 tiny plumed seeds (Jarvinen 1994; Stocklin 
and Baumler 1996), there seems to be sufficient 
leeway for such losses. Several authors have 
reported considerable year to year variation of 
seedling abundance, not paralleled by significant 
variations in juvenile or adult populations (e.g. 
Diemer 1992), reflecting substantial buffering 
capacity of unfavorable seasons at the whole 
population level. Most of the authors mentioned 
above expressed their surprise about the effective- 
ness of the reproductive system in alpine plants 
and emphasized the (often underestimated) 
significance of sexual reproduction even in very 
harsh alpine habitats. 
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Clonal propagation 

Outstanding flowering with rich colors (in 
most regions) makes alpine vegetation worldwide 
so attractive. However, periodically, flowering 
and seed production can be a rather risky mode of 
propagation at high altitudes, as was discussed 
above, and a suite of alternatives have been 
adopted by alpine plants in order to bypass the 
dangers of recruitment failure. These alternatives 
- various ways of vegetative multiplication - gen- 
erally tend to increase in importance with increas- 
ing elevation (Bliss 1971; Billings 1974). 

However, as S5yrinki (1938) in his classical 
study of reproductive ecology in the Scandinavian 
alpine zone has pointed out, the visual impression 
may be misleading. Often, it is the dominant 
fraction of alpine species in terms of biomass 
which strongly involves vegetative propagation, 
but not the majority in terms of species numbers. 
Of the total high altitude flora of northeast 
Lapland investigated by Soyrinki (197 species 
of higher plants), only 52% of the species had 
some mode of clonal growth, in 44% this was 
clearly expressed, but the majority of these species 
represent boreal or montane floristic elements. 
Among exclusive alpine species, particularly 
those inhabiting very hostile places such as 
snowbeds (with obligatory seeders such as in the 
genera Sibbaldia, Veronica and Gnaphalium), 
clonal propagation is not particularly pronounced 
in this nordic-alpine region. Of the 58 rock 
and scree species listed by S5yrinki, only 20 exhib- 
ited no obvious seedling re-cruitment, among 
these six Carex species and four Ericaceae dwarf 
shrubs, all obligatory clonal plants. These obser- 
vations are in line with findings from the arctic 
(Grulke and Bliss 1985), and Billings (1974) 
has suggested that clonal propagation is even 
less abundant in alpine than arctic environments. 
In contrast, some alpine grasslands and scree 
vegetation in the Alps were characterized as 80 
to 90% clonal (Hartmann 1957; Stocklin 1992). 
It appears there is an abundance peak of clonal 
growth in the lower alpine belt, and a reduction 
in frequency at higher elevations (perhaps related 



to more fragmented habitats and reduced compe- 
tition). However, such statistics also strongly 
depend on vegetation type and on what is consid- 
ered clonal propagation and what not, which 
deserves a brief discussion. 

Plants, unlike most animals, are modular 
organisms, in which each module (or segment) 
which bears at least one bud can in principle grow 
into a new plant. In some cases not even a bud is 
required, and new apical meristems may crystal- 
lize from homogenous tissue regions, including 
roots. Hence, in this widest sense, all plants would 
be potential clones, but not all species materialize 
these options. A more practical use of the term 
clone refers to situations where modules or groups 
of modules gain a certain degree of independ- 
ence from a “mother-ramet”, and thereby become 
centers of further ramet production. Through this 
proliferation, a single genet may cover large areas 
of ground. 

Daughter-ramets may remain physically con- 
nected to the mother ramet or become complete- 
ly separated. Also groups of ramets may form 
highly integrated plant units, IPUs (see the review 
for arctic-alpine clonal plants by Jonsdottir et al. 
1996). The degree of independence and separation 
of ramets or integrated ramet groups is com- 
monly used as a criterion for distinguishing clonal 
versus non-clonal plants. Thereby independence is 
not necessarily the disconnection of all physical 
ties, but rather a functional independence, which 
means ramets become self-supported by roots 
and are fully photo-autotrophic. If connections are 
maintained, these may become functional during 
disturbance (e.g. herbivory) or patchy resource 
supply and connected ramets may “help each 
other out” - one of the reasons why clonal plants 
are so robust in the face of perturbations, and 
have stabilizing effects on ecosystems. However, 
without disturbance, priority seems to be given to 
fast ramet independence (a test of 19 clonal plants 
from the central Alps by Tschurr 1992). Given this 
rough definition, clonal forms of propagation in 
the alpine zone range from slowly migrating 
tussock-fronts to vegetative bulbils, which are dis- 
persed like seed. 
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A typology of clonal propagation in 
the alpine life zone 

There have been several attempts to categorize 
clonal growth in alpine plants. Hartmann (1957; 
Fig. 16.13), for instance, distinguished 20 types 
of clonal growth on the basis of morphology. 
These types can be lumped into two major groups 
(distinct by the absence or presence of a persistent 
main root of the mother ramet) and contrasted 
with non-clonal species (Table 16.6). Cyperaceae, 
Poaceae and Asteraceae^ the three most dominant 
alpine plant families, almost exclusively belong 
to the “obligatory clonal” group. In contrast, 
Fabaceae are largely non-clonal and tap-rooted. 
Stocklin’s (1992) categorization combines mor- 



Table 16.6. Vegetative propagation of alpine plants. A 
classification of 228 species of the Swiss central Alps into three 
major categories. (Hartmann 1957) 



Plant family (n species) 


A 


B 


C 


Cyperaceae 


9 


0 


0 


Juncaceae 


6 


0 


0 


Poaceae 


20 


2 


0 


Asteraceae 


29 


5 


1 


Scrophulariaceae 


7 


1 


2 


Ranunculaceae 


4 


2 


0 


Primulaceae 


6 


6 


0 


Saxifragaceae 


4 


9 


0 


Gentianaceae 


2 


5 


2 


Rosaceae 


1 


11 


0 


Campanulaceae 


0 


6 


0 


Caryophyllaceae 


0 


14 


6 


Brassicaceae 


0 


9 


6 


Fabaceae 


0 


1 


8 


Additional minor families pooled 


6 


33 


5 


Total for major families (184 spp.) 


88 


71 


25 


Total for all species (228 spp.) 


94 


104 


30 


Major families (%) 


47.8 


38.6 


13.6 


All species (%) 


41.2 


45.6 


13.2 



Major families include five or more species, minor families one 
to four species. Families are ranked by the relative fraction of 
species falling in A, and then B. A obligatory clonal species, 
primary root system not retained; B partially clonal species, 
primary root system retained, but adventitious roots and satel- 
lite ramets are formed; C not clonal or only accidentally (e.g. 
if buried), mostly tap rooted species. 



phological traits with aspects of plant life strategy, 
and Halloy (1990) included architectural (size) 
aspects, but his system covers all alpin plant types, 
hence is more general. In simple terms, one may 
distinguish the below eight main forms of clonal 
propagation listed below, with all sorts of inter- 
mediate forms and special types existing as well 
(the letters given below refer to Hartmann’s typol- 
ogy given in Figure 16.13 where appropriate, but 
neglect the root properties). 

1. Tussock Graminoids (A, B, C). Grasses, 
sedges and rushes which form dense clusters of 
ramets (shoots) with new ramets produced at one 
end, while old ones senesce at the other (phalanx- 
type of clonal growth; Figs. 16.14 and 16.15, color 
Plate lb at the end of the book). Depending on 
species, this may - after an initial phase of estab- 
lishment - lead to rings, fragmenting clusters or 
garlands, very slowly moving through the land- 
scape (often by less than 1 mm per year). This is 
possibly the most important strategy in late suc- 
cessional alpine vegetation around the world. 
Examples are found in alpine species of Carex, 
Kobresitty Juncus, DanthomUy DeschampsiUy 
ChionochloUy Festucuy NarduSy Poa, Stipa. 

2. Stoloniferous Graminoids (Dy E, L, N, W). 
Graminoids with belowground stolons from 
which widely spaced ramets emerge. These may 
either explore new open terrain (alpine ruderals) 
or invade existing assemblages of plants (guerril- 
la type; Fig. 16.15). Some species perform both 
phalanx- and guerrilla-type clonal growth (they 
may switch between the two). Alpine examples are 
found again in CareXy but also in Luzuluy AgrostiSy 
Festuca and others. 

3. Mat-Forming Forbs (Fy G, H, J, M, 0, P, Sj. 
Clusters of herbaceous rosettes (Fig. 16.16) 
which, by slow centrifugal spread, may disintegrate 
into separate fragments of the genet. Examples 
exist both in ruderal and late successional 
habitats in AntennariUy Celmisiay Helichrysumy 
WerneriUy HypochoeriSy GentianUy PlantagOy 
Veronica. 




Clonal propagation 




Fig. 16.13. Examples of clonal propagation in alpine plants after Hartmann (1957). The first group of examples (A-K) is 
for species which either never had (graminoids), or lost the main root of the mother ramet. The second group (L-X) is for 
species which Hartmann considers partially clonal, because they largely remain centered around a main (tap) root. This 
distinction, though logical, is difficult to ascertain in the field, hence was not employed in the simpler categorization 
provided in the text (types 5, 6 and 8 are not represented among these examples). The leaf display is schematic and does 
not necessarily distinguish graminoids and dicots. References to these examples by letters in the text ignore the root 
characteristics 
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Fig. 16.14. The genesis of clonal garlands in Festuca in the high Andes (4250 m, northwest Argentina) 



4, Stoloniferous or Rhizomatous Forbs (/, K, L, 
Ny W). Isolated ramets or groups of ramets, at 
least initially connected by below- or aboveground 
stolons/runners can form widely spread nets of a 
single genet (Fig. 16.17). Examples are Gentiana, 
Primula, Soldanella in late successional communi- 
ties and both these genera plus Geum, Doronicum, 
Saussurea, Senecio, Rumex, and a large group of 
other genera, often found on less compact, 
more inorganic substrates. A very special group 
of alpine species in this group are scree slope 
plants with long and elastic belowground 
shoots and very flexible internode length, 
wellsuited to cope with an ever mobile substrate. 
Ramet separation in this case is mostly induced 



by sheer forces in the ground. Examples are 
found in Campanula, Linaria, Thlaspi. 

5. Creeping Dwarf Shrubs. Woody-stemmed 
species creeping within the topsoil/raw humus 
layer with buds at or just above the soil surface 
(Fig. 16.18). Note, not all species of this type 
perform clonal propagation. Many still depend on 
a primary stem and root stock. Clonal fragments 
become self-supporting by adventitious roots 
emerging from older stems. But this may strongly 
depend on the moisture of the substrate (the 
moister, the more likely that adventitious roots 
develop). Some flat cushion plants, normally not a 
clonal growth form (commonly tap-rooted), may 
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Fig. 16.15. The guerilla (top) and phalanx type (bottom) of 
clonal growth in alpine graminoids: a stoloniferous clonal 
fragment of Carex bigelowii (N-Sweden, 1050 m) and a 
decapitated tussock of Nardus stricta (Alps, 2000 m; arrows 
indicate the active fronts) 

also disintegrate and build self-supporting sub- 
units, the sizes of which thus are not correlated 
with genet age. Examples in Coprosma, Drapetes, 
DryaSy Loiseleuria, Pernettya, Salix. 

6. Prostrate Dwarf Shrubs. Alpine dwarf shrubs 
with above-ground branched stems and buds 
between 5 and 50 cm above the soil surface, which 
tend to layer and get buried in raw humus and 
litter (Fig. 16.19). New shoots emerge from buried 
buds. Adventitious roots develop very late (again 
depending on moisture) and genet disintegration 
may take a very long time if it does occur at all. 
Examples in genera of Empetrurriy Gaultheria, 




Fig. 16.16. Mat-forming forbs: Celmisia sp. (Rock and Pillar 
Range, 1 150 m. South Island, New Zealand) 



Rhododendron, Vaccinium, Hebe, Hypericum, 
Salix, Styphelia . . 

7. “Viviparous^’ Plants (V). A number of alpine 
plants produce vegetative propagules on inflores- 
cences (Fig. 16.20). Though the term viviparous is 
in common use, it is misleading in the sense that 
propagules are not the result of sexual reproduc- 
tion and “birth”, but develop from mother tissue 
instead of zygotes. In some cases little plantlets 
emerge, as in the often studied Poa alpina ssp. 
vivipara. In other cases, as for instance in Poly- 
gonum viviparum, bulbils, i.e. compressed, seed- 
like shoots emerge instead of flowers. “Vivipary” 
causes rapid and, and in the case of seed-like 
bulbils, very widespread distribution of a genet. 

8. “Accidental” clonal plants. A number of alpine 
plants can propagate clonally under certain 
circumstances, but normally do not do so. One 
example is Ranunculus glacialis, the basal segment 
of flowering stalks of which tend to layer, and if 
they get buried by loose substrate may produce 
adventitious roots and become autonomous. In 
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Fig. 16.17. Stoloniferous forbs: Petasites paradoxus (Lechtal Alps, Austria, 2100 m) 



most regions Oxyria digyna also belongs to this 
group. 

This list is not exhaustive and relates partly to 
the discussion of plant growth forms in Chapter 2. 
In the following, I will give some examples of envi- 
ronmental triggers, internal controls and long- 
term consequences of some of these modes of 
vegetative spreading. It is important to remember 
that clonal growth is not a substitute for sexual 
reproduction, but an addition. Temporal gaps 
between years with successful sexual recruitment 
may be zero or millennia. Clonal propagation 
commonly runs parallel to flowering and fruiting 
and secures the persistent presence of a species in 
a given community, irrespective of reproductive 
success. Energetically there is a trade-off between 
the two modes of propagation. The following 



examples were also selected to illustrate these 
two aspects, the benefits for persistence and 
the conflict between sexual and vegetative 
investments. 



Case studies of clonal propagation in 
alpine plants 

The first example is for a phalanx-type tussock 
graminoid, as these occur in almost all alpine 
floras. With some species specific modification, 
such tussocks have to solve similar ‘‘geometric” 
problems, the understanding of which requires 
some insight into morphology and module 
turnover. In Carex curvula, a dominant sedge 
in the Alps (Fig. 8.4 and 1 1. 13), single shoots of 
a clonal system take approximately 9 years to 
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Fig. 16.18. Creeping dwarf shrubs: Raoulia hectori, Drapetes 
lyallii {topy Old Man Range, New Zealand, 1600 m) and 
Loiseleuria procumbens (bottom^ Swiss central Alps, 2600 m) 



mature and flower (and then die, or die without 
having flowered). Three and six years after its 
birth, a shoot produces a daughter shoot (the 
horizontal angle between the two is 120°) each of 
which again goes through this shoot life cycle 
(determined from annual leaf scar production; C. 
Heid and Ch. Korner, unpubL). Shoots grow less 
than 0.5 mm in length per year (in other places 
0.9 mm were found, Grabherr et al. 1978), so before 




Fig. 16.19. Dwarf shrubs: Rhododendron ferrugineum 
(Austrian Alps 2000 m) 



they die, they may have expanded the clone by 
4 mm in their growth direction. Since the terminal 
third of the shoot with the inflorescence is lost, the 
spatial net gain will in fact be less. Also, the 120° 
branching and non-centrifugal spread reduces the 
radial expansion rate. The above direct measure- 
ments of age match with the 11% annual shoot 
mortality reported by Erschbamer et al. (1994) for 
this species. 

Hence, on average, each vital shoot gives birth 
to two new shoots and, in the ideal case, to one 
inflorescence. Evidently, more shoots than only 
those dying through flowering must be eliminated 
from the lineage in order to maintain a stable 
ramet population once space is occupied (in this 
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Fig. 16.20. Viviparous clonal plants: Polygonum viviparum and Poa alpina ssp. vivipara (Alps, 2500 m) 



case ca. 85 ramets per 100 cm^ including all inter- 
clonal gaps; only 3% of all shoots at a time flower). 
Such a clonal system has only two options, namely 
to expand into empty space (if available) or suffer 
from massive intra-clone competition. In old com- 
munities of this type the pressure for ramet space 
is so high that the topsoil develops into an almost 
impenetrable and rapidly dehydrating felt of roots 
where Carex seedlings appear to be unable to 
establish (see below), although viability of seeds 
on wet filter paper is very high. Despite the 120° 
branching angle (which would cause the clone to 
disperse in all directions), compact phalanx fronts 
consisting of 20 to 50 shoots can be seen, hence 
abortion of superfluous shoots is not random. 
During an unknown period of site colonization 
(perhaps 10000 years ago, when glaciers released 
the terrain) an unknown number of genets per 
unit of land area may have established, expanded, 
and then started to interact with each other. The 
current alpine turf reflects the result of this mil- 



lennial battle for space, but we cannot see the 
boundaries of clones, whether they intermingled 
or remained separated, and how many clones sur- 
vived this interaction. Perhaps only one most suc- 
cessful genet, a single “mega-clone”? 

An attempt to map genets of Carex curvula in 
the field using DNA analysis revealed most inter- 
esting results (Steinger et al. 1996). Even on a 
relatively small scale of a few meters, several 
genetically different clones could be identified. 
Hence, their is substantial genetic diversity, 
though possibly not as much as was recently 
reported for more easily fragmenting clones of 
alpine Hylocomium moss in northern Sweden 
by Cronberg et al. (1997). According to the DNA 
data, the area of a single Carex clone (see Fig. 
11.13) can exceed Im^ and intermingling among 
clones is moderate. Over at least 90 cm (several 
thousands of ramets) only one clone seems to be 
present. Taking the maximum spatial extension 
of the same genet (at least 1.6 m) and realistic 
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annual spreading rates (see above), clonal ages 
of several thousands of years appear plausible. 
This is an example where clonal propagation leads 
to persistent space occupancy and where success- 
ful sexual reproduction appears to have been 
restricted to the colonizing phase. Over thousands 
of years flowers and seeds were produced of 
which no genetic precipitate can be found in inter- 
clonal gaps. Yet, some forbs do manage to regular- 
ly recruit cohorts of seedlings in this tussock 
matrix, most successfully Leontodon helveticus 
the second most important species of this 
community. 

A very different strategy of clonal growth is 
adopted by Carex bigelowii, a wide spread arctic- 
alpine species (Fig. 16.15). Many years of research 
by Callaghan and coworkers (above 1000 m eleva- 
tion in northern Sweden) showed that this species 
has a much more opportunistic strategy, and 
switches between phases of slow or rapid expan- 
sion, purely vegetative or reproductive growth 
(e.g. Callaghan 1976; Carlsson and Callaghan 1990; 
Jonsdottir et al. 1996; Jonsdottir and Callaghan 
1990). 

Carex fcfgeZowzz, produces guerrilla and phalanx 
tillers together, but the relative proportion 
depends on habitat and resource availability. Guer- 
rilla tillers have higher vegetative reproduction, 
whereas phalanx tillers are more likely to produce 
flowers. The periodic stoloniferous “outbreaks” are 
under the combined control of reserve accumula- 
tion and flowering. It was observed that both shoot 
mortality and floral initiation are highly corre- 
lated with shoot size, and flowering events were 
found to depend on the climate of two successive 
growing seasons. Due to resource exhaustion, 
ramet population size actually decreases after a 
year with massive flowering and seed production, 
hence undergoes cyclic changes. It was suggested 
that flowering directly controls growth by restrict- 
ing meristems for photosynthetic tissue. By 
carbon isotope labeling it was shown that func- 
tional clonal connections remained intact in this 
sedge over at least 9 to 1 1 years and the minimum 
size of a successful, physiologically functional unit 
was around five interconnected tiller generations. 



There was a clear hierarchy among tillers, hence 
apical dominance effects also had control over the 
rhizome system. It is surprising that also in this 
much more openly growing sedge, recruitment 
from seedlings was not observed in the alpine 
zone. 

In contrast to the two previous examples of late 
successional clonal species, which continued 
sexual reproduction at a high cost, while actual 
propagation is to 100% clonal, Geum reptans, 
represents a pioneer strategy where both modes 
of propagation are employed simultaneously and 
successfully. Rusterholz et al. (1993) investigated 
the breeding system of this species in a glacier 
forefield in the Alps (2450 m). Flowering efforts 
and investments in seeds are very high in this 
species (30000 heavy seeds per 100 m^), but only 
5% of all new plants established in a population 
came from seeds, because 86% of all seeds failed 
to germinate, and from those which did, merely 
1% survived the first growing season (Fig. 16.12). 
Hence, in this species the population was again 
predominantly increasing due to clonal growth, 
although only 20% of all stoloniferous propagules 
did successfully establish (root). However, given 
the longevity of genets (which may be at least 
several decades), a 5% fraction of reproduction 
through seed guarantees high genetic diversity 
and rapid colonization of new ground (G. reptans 
is an obligatory outbreeder). Since stolon produc- 
tion, on average, “consumes” twice as much of 
annual aboveground biomass production as 
flowering, a failure of 80% of these new ramets 
indicates a high cost of clonal propagation. This 
may explain why the investment policy of Geum 
reptans prioritizes belowground structures, fol- 
lowed by flowering and seeding, and only in a third 
phase are significant resources allocated to 
stolons. Most stolons come from old and well 
established plants. A similar strategy was found in 
alpine Epilobium (Stocklin and Baumler 1996). 

The last two examples are for viviparous plants 
(Fig. 16.20). Their viviparous nature increases with 
elevation or latitude, hence becomes more pro- 
nounced the harsher the environment gets (one 
exception is mentioned below). 
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Polygonum viviparum produces both flowers 
(terminal) and, lower down on the same inflores- 
cence, bulbils, which are dispersed in a similar way 
to normal seeds. Bauert (1993) demonstrated a 
negative correlation between the relative abun- 
dance of flowers and bulbils on the same stalk, as 
if there were a certain fraction of the length of a 
flowering stem available for positioning either of 
the two organs at a set spacing regime (internode 
length). In an extreme (rare) case this leads to 
inflorescences with only flowers or only bulbils, 
but commonly both types of organs are present at 
all elevations (Fig. 16.20), with the bulbil fraction 
increasing with elevation. 

Once more, predominant clonal propagation at 
high alpine elevations does not preclude substan- 
tial genetic variability among populations, as 
Bauert showed, using isoenzyme assays. Minor 
sexual reproduction is maintained, although this 
may depend on particularly favorable growing 
seasons. Diggle et al. (1994) found that it takes one 
or several seasons before the preformation of an 
inflorescence is completed in this species (see the 
first Section). They also found substantial geno- 
type variation in alpine populations, but pheno- 
typic variation within genotypes was significant as 
well. The above mentioned trade-off between veg- 
etative and sexual organs within the same inflores- 
cence finds a parallel in the viviparous Saxifraga 
cernuay in which Wehrmeister and Bonde (1977) 
showed that alpine ecotypes have larger bulbils 
than arctic ecotypes, whereas pollen is viable in 
arctic, but not in the alpine populations they had 
studied in Colorado. 

Poa alpina ssp, vivipara was given the rank of 
a subspecies before it became known that vivipa- 
ry is a phenotypic feature in this species. 
Schwarzenbach (1956), Bachmann (1980) and 
Heide (1994) demonstrated that vivipary is 
influenced by temperature and day length (for 
further references see Hermesh and Acharya 1987; 
Pahl and Darroch 1997). A high proportion of 
normal flowering individuals can be obtained in 
habitually viviparous species by optimal primary 
and secondary floral induction (warm winter, and 
- depending on origin - variably long days). Also, 



high soil moisture favors bulbil versus seed pro- 
duction. Thus sexuality is by no means entirely 
suppressed in this viviparous species, but is under 
environmental control. 

Bulbils, in this case in fact little green plantlets, 
develop from both somatic and generative tissue 
of the inflorescence (first described in detail by 
Resvoll 1917; see review by Bachmann 1980) and 
are propagated mainly by layering of the mature 
“inflorescence”. Long flowering stalks seem to 
have a selective advantage, since they allow wider 
spacing between the mother and daughter ramets. 
After layering, the stalk becomes a functional 
stolon and supports bulbils until adventitious 
rooting is successful (only on wet ground). One 
can find whole offspring circles around such vivip- 
arous Poa alpina. The “viviparous” clonal poten- 
tial of some Poa alpina provenances is so high that 
commercial mass production of bulbils for revege- 
tation of eroded alpine terrain has been suggest- 
ed (Grabherr 1995). Vivipary occurs in several 
other Poa species from cold climates and also in 
species of Deschampsia and Festuca (Bachmann 
1980). Another, rather curious type of “vivipary” 
is the production of plantlets on leaf margins. 
This is employed by an evergreen Liliaceae in 
Japan {Heloniopsis orientalis) which preferentially 
grows at lower altitudes, but can also be found in 
alpine meadows and snowbeds, where this mode 
of reproduction is, however, substantially reduced 
(Kawano and Masuda 1980). 

A very special form of asexual reproduction is 
apomixis, where seeds are formed asexually, and 
thus represent copies of the maternal genome. 
Apomixis plays a greater role in alpine compared 
with low altitudes and seems to be more frequent 
in polyploid genotypes, but the actual processes 
involved are very complicated and may vary a lot 
among species (Richards 1997). It has often been 
believed that apomixis is a “dead end” of evolution, 
but this does not seem to be the case at all. 
Although full apomixis is a cloning process, gen- 
etically different apomictic “clones” have been 
identified among populations, and apomictic 
species seem to be very successful, perhaps 
through the rapid dispersal of most successful 
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genets. Asexually produced seeds preserve suc- 
cessful genotypes. Apomictic species are not only 
known to be particularly successful seeders, they 
also may occasionally produce seeds sexually, 
hence the observed genetic diversity. Apomixis is 
found mainly within Asteraceae and Poaceae, the 
two most important plant families in alpine vege- 
tation worldwide. Plant species like Poa alpina (25 
publications alone between 1930 and 1974, accord- 
ing to Bachmann 1980) and species of Hieracium, 
Taraxacum and Antennaria are apomicts. Recent- 
ly, apomixis was shown in Nardus stricta and 
many more such discoveries are to be expected 
(cf. Molau 1993; Pahl and Darroch 1997; Richards 
1997). 

Finally, it should be added that clonal propaga- 
tion is part of normal life in all bryophytes and 
lichens, groups of organisms which are able to 
inhabit the most hostile alpine habitats. Plant 
propagation at its upper elevational limits is only 
clonal. 

Alpine plant age 

The above section on clonal growth makes it clear 
that age becomes a problematic term once vegeta- 
tive propagation of genets occurs. Some of these 
clones may be of very old age. In Carex curvula, 
DNA analysis of clonal expansion suggests genet 
ages of several thousands of years, older than any 
of the most often quoted patriarch trees. The same 
possibly applies to Ericaceae dwarf shrubs such as 
Empetrum nigrum or Loiseleuria procumbens, or 
clonal systems of creeping Salix. These plants may 
be functionally immortal. 

On the other hand, a few alpine annuals are 
found with life cycles of less than 3 months (e.g. 
Bliss 1971; Jackson and Bliss 1982; Reynolds 
1984b). In temperate and subarctic mountains 
these rarely exceed 1 or 2% of the local alpine flora 
(Brassicaceae, Gentianaceae and Poaceae being 
most Successful). Annuals may reach higher abun- 
dance in the mediterranean alpine zone, for 
instance in the Sierra Nevada of California (Bliss 
1971) or in subtropical mountains with longer 



growing seasons (Ram et al. 1988, report a fraction 
of 12% for the central Himalayas). Often such 
numbers strongly depend on whether disturbed 
areas in the treeline ecotone and in treeless upper 
montane altitudes are included or not, because the 
presence of annuals certainly declines with eleva- 
tion and successional age also in these climatic 
zones. 

Ages in the remaining non-clonal and non- 
annual plants range from 2 to several hundreds of 
years, but there is a clear tendency for higher plant 
age at higher elevations. A good example are the 
many bi-annual species found at low elevation 
which form a rosette and a tap root in the first year 
and reproduce the second year. At alpine eleva- 
tions it may take 5 to 10 years for such hapaxantic 
(i.e. monocarpic) herbaceous species to complete 
their life cycle. Only rarely is the life cycle com- 
pleted in less than 3 years {Arabis alpina may be 
an example). For the majority of the taller, tap- 
rooted or clonal alpine forbs, ages between 30 
and 50 years seem a reasonable estimate, although 
clones may persist much longer. 

Agakhanyantz and Lopatin (1978) review lit- 
erature for alpine plants in the Pamirs, and pre- 
sent some examples of very old plant ages, as for 
instance 400 years in Acantholimon diapensoides, 
and 100-300 years for several other tap rooted, 
slow growing species. They also concluded that 
plant age increases with elevation in the Pamirs. 
As was discussed with leaf life span (Chap. 13), the 
altitudinal reduction of the length of the growing 
season in seasonal climates introduces some bias 
in such calculations when years are counted. A 
more appropriate measure would be the number 
of active months, disregarding periods of com- 
plete dormancy. Yet, even when accounting 
for active periods only, the resultant ages are 
impressive. 

Cushion plants can reach very old ages. They 
are the prototype species of long-term space occu- 
pancy, for reasons largely related to plant nutrition 
and soil stability (see Chaps. 4, 6 and 9). With 
expansion rates of only a few millimeters per year, 
some of the famous giant cushions (e.g. Raoulia 
sp.) of New Zealand may be many hundreds of 
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years old. This also applies to the “hard as wood” 
cushions found in the southern Andes {Azorella 
sp.) whose extensions over several meters of 
ground area (up to Im high) suggest ages of 
several thousand years. Color Plate 2f at the end 
of the book. Because of their age and steady 
increase in size, cushion plant species such as 
Silene acaulis (Color Plate Id; up to a century old) 
have been used to estimate the minimum age of 
landforms and erosion features in alpine and 
arctic terrain (Benedict 1989). 

A group of alpine plants in which individuals 
can reach very old ages are the tropical giant 
rosette which obviously take a long time to 
become “giant” (Fig. 7.6). According to Rundel and 
Witter (1994), individuals of the Hawaiian alpine 
giant rosette plant Argyroxiphium sandwicense 
live up to 90 years, commonly not starting to 
flower before they are 20 years old and most 
flowering individuals have an age of about 30-50 
years. Lobelia telekii on Mt. Kenya flowers and 
then dies at 40-70 years of age. In L. keniensis, first 
flowering occurs after 30 to 60 years of vegetative 
growth. Although the flowering rosette dies as well 
in this species, new ramets emerge from the stem 
base which continue the flowering cycle well over 



100 years, but possibly not more than 300-400 
(Young 1994). Also Senecio kenyodendron is 
reported to reach several hundred years of age 
when plants become 4-5 m tall (Smith and Young 
1994). 

Long life cycles are a typical feature of alpine 
plant life and represent the most important reason 
why alpine vegetation is so much more vulnerable 
to any sort of disturbance than vegetation at low 
elevation. Clonal growth and space occupancy 
for long periods are two ways of compensation. 
However, long life is only possible in the alpine 
environment through great resistance to the 
natural mechanical forces of snow and erosion and 
climatic extremes in general. To withstand these 
stresses requires costly structures (hence the often 
slow seasonal growth in size) and compact growth 
forms. One should remember that these growth 
forms were not selected to resist mountain boots 
or ski-edges, nor to withstand excessive grazing 
pressure and trampling by domestic animals. It is 
also good to remember that a single step on a 
cushion or dwarf shrub mat could break connec- 
tions to the ground which were built up over a 
century, with no chance of repair - aspects which 
will be discussed in Chap. 17. 
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Conditions for plants have always changed and 
will always change, everywhere on the globe, and 
high elevation vegetation is no exception (Barry 
1990). However, these natural changes are com- 
monly rather slow and of a largely physical nature. 
The current human-induced changes are rather 
rapid, include chemical influences (CO 2 , soluble N, 
acid rain) as well as land surface management, 
causing unprecedented impacts (Messerli and Ives 
1984, 1997; K5rner 1992, 1994; Price 1995a,b). 
Intensification or the rapid abandonment of alpine 
land use are the most immediate dangers, followed 
by potential consequences of altered atmospheric 
composition. Climatic changes exceeding those 
seen in the recent past (warming, more intense 
rain events, reduced snow cover) may also become 
critical in places. 

The centerpiece of any consideration of the 
impact of global changes on alpine ecosystems is 
the stability of alpine soils. On slopes, soils persist 
only as long as vegetation persists. A persistent 
ground cover with intact root systems is thus the 
criterion by which the risk of all anthropogenic 
influences on high elevation ecosystems are to be 
rated. It should be recalled that 40% of the world’s 
population benefit from mountains, and 10% are 
directly dependent (Messerli and Ives 1984). This 
chapter is a brief account of important global 
change risks for the alpine life zone. 

Alpine land use 

Alpine land use is possibly as old as human pres- 
ence in mountain foothills and forelands (Fig. 
17.1). Hunting and pasturing have influenced 



alpine vegetation in temperate zone mountains for 
at least 7000 years (Patzelt 1996), and possibly 
much longer in warmer regions. “The man in the 
ice”, a Bronze Age hunter or shepherd found with 
largely intact mountaineer outfit, released from 
retreating ice above 3000 m in the central Alps of 
Tirol is a most obvious proof of man’s active pres- 
ence in alpine environments, long before heli- 
skiing (Eijgenraam and Anderson 1991; Spindler 
et al. 1995; Bortenschlager and Oeggl 1998). Re- 
markably, this ancient Tirolian was found in an 
area where contemporary farmers still herd their 
flocks from the south across the glacier to summer 
pastures on the north of the main divide. 

Except for extreme elevations or inaccessible 
rock terraces, it is a safe assumption that all 
alpine vegetation has undergone some influence of 
anthropogenic land use. Ungulate wild herbivores 
have been diminished by hunting (in the case of 
Ibex in the Alps, in fact eliminated during the 19th 
century, and only recently re-introduced) and were 
gradually replaced by seasonal pasturing with 
domestic animals (Fig. 17.2). Traditional, man- 
made alpine pasture land near the treeline (see 
color Plate 4 at the end of the book) is common in 
all mountainous regions with permanent settle- 
ments (all over Eurasia, parts of South America) 
but is missing in areas with a historically predom- 
inant nomadic life style (North America, Aus- 
tralia). It is largely for these pasture lands that 
the Alps, the Carpathians, the Caucasus, the Hin- 
dukush and Himalayas have been praised by 
travellers for their colorful alpine mats. These 
pastures, with their wooden fences and stone 
walls, dwellings and shrines, drainage and irriga- 
tion systems, specific soil dynamics and very 
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Fig. 17.1. Land use in the Alps. Highly diverse grasslands near the treeline and above have been used for millennia for hay 
production and grazing, and represent an ecologically stable natural as well as cultural heritage (see also color Plate 4 at the 
end of the book) 



Special flora represent a unique cultural heritage 
that is about to be lost (Werner 1981). Because of 
sustainable management, these forms of land use 
only exceptionally lead to erosion. Across the Alps, 
high elevation pasturing supplied approximately a 
million people with food until very recently. Mea- 
sures to secure sustainable agriculture in tradi- 
tional alpine pasture land near the treeline are 
urgently needed in many parts of the world for 
three reasons: 

• To maintain a healthy, unpolluted food source 
for future generations, 

• To conserve biologically highly diverse, stable 
and attractive plant communities, 

• To retain a millennia old cultural heritage. 

In pastures near the treeline, things can go 
wrong in three ways: (1) uncontrolled, non- 
traditional (i.e. patchy) grazing causing spot- 
impacts under otherwise low stocking rates, (2) 
stocking beyond the carrying capacity or intro- 



duction of too heavy animals (Fig. 17.2) or (3) 
sudden abandonment of pastures. All three may 
affect soils and induce erosion. In the case of aban- 
donment, this has to do with sudden occlusion of 
drainage systems (over-saturation of soils), and 
with turf-erosion caused by creeping late winter 
snow, frozen to over-long grass. The risky transi- 
tion period, back to self-sustainable ground cover, 
may take at least half a century (Cernusca 1978), 
but sensitivity varies a lot with slope and vegeta- 
tion type (Gigon 1984). A future reversal of such 
post-abandonment shrub and tree invasions 
(which eliminate the product of manual work 
from many generations), will most likely be unaf- 
fordable, hence the loss will be finite. 

Among direct impacts of pasturing on alpine 
vegetation, trampling effects are much more 
severe than grazing effects as such. Late succes- 
sional alpine turf with a dense root felt is rather 
robust, whereas dwarf shrub communities appear 
extremely sensitive (Korner 1980). Adequate 
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Fig. 17.2. Traditional grazing by domestic animals as shaped 
the alpine vegetation over millennia in many parts of the 
world (Hohe Tauern National Park, 2300 m, Austria). 
Destructive alpine land consumption by overgrazing (in this 
case by tourist horses) is followed by soil erosion (near Tafi 
del Valle, 2500 m, northwest Argentina) 

grazing regimes in alpine grassland can substan- 
tially improve hydroelectric catchment value. 
According to measurements and calculations by 
Korner et al. (1989c) the added value maybe in the 
order of $150 per ha per year at current exchange 
rates. In contrast, inappropriate grazing in previ- 
ously ungrazed, grazing sensitive alpine vegeta- 
tion negatively affects catchment value (Costin 
1958). This insight paved the way to the founda- 
tion of Kosciusko National Park in the Snowy 
Mountains of southeast Australia. 

A particular field of conflict are alpine tussock 
grasslands found in many parts of the world. The 
grazing value of the commonly rigid leaves of the 
dominant species is poor, hence regular burning is 
practiced in order to stimulate palatable regrowth 



and promote non-tussock grasses (Mark and 
Holdsworth 1979; Mark et al. 1980; Hofstede et al. 
1995). As a consequence, catchment value declines, 
nutrients are leached, and the vegetation cover 
becomes reduced in the long-term. 

As mentioned above, “adapted” traditional 
grazing may have no negative effects on alpine 
vegetation. A recent study in the Swiss Alps (S. 
Schneiter and Ch. Korner, unpubl.) revealed that 
six seasons of cattle exclosure from “natural” 
alpine Carex curvula dominated grassland at 
2500 m elevation (200-300 m above the treeline) 
had unexpected negative effects: total (live) above- 
ground phanerogam biomass at peak growing 
season (just before the first cattle visits), was 
reduced in the fenced area by 15%, and there were 
clear indications of reduced abundance of rare 
forbs. Hence, what is described in text books as 
one of the most typical natural alpine grasslands, 
seems to benefit from sporadic cattle presence, 
both in terms of productivity and biodiversity. 
Dung deposition was found to create patch 
dynamics in this system with a statistical ca. 50 
year rotation time. A positive biomass response to 
traditional alpine grazing was also observed in the 
Garhwal Himalaya (Sundriyal 1992). 

Other, more localized, but rather severe forms 
of alpine land use are the construction of ski runs 
and transport routes, summer tourism (Fig. 17.3), 
hydroelectric installations and mining. Given 
their extent of alpine land consumption, ski 
runs and their infrastructure are regionally 
causing substantial perturbations. Service roads 
may sometimes create even more damage than the 
smoothed ski run itself (Cernusca 1977). Unfortu- 
nately, the insight that sustainable re-vegetation of 
machine graded terrain above the climatic treeline 
is almost impossible, is rather recent. Initially 
promising “green” most often disappears in fol- 
lowing seasons, because of mal-adaptation. Rather 
sophisticated (and expensive) re-vegetation pro- 
cedures may help in places (e.g. Schiechtl 1988; 
Urbanska 1988; Grabherr 1995), but will not re- 
establish the stability of naturally evolved, deeply 
rooted soil, and require sustained care. Measures 
for snow allocation (e.g. snow fences) create new 
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Fig. 17.3. Alpine tourism: heavy local impact in often 
sensitive areas, but also contributing to locale villagers 
income and the wider public’s awareness of the need of 
conservation. Top tourists on the fragile cinder slopes of Mt. 
Fuji, Japan; center midsummer at Grimsel Pass, Switzerland; 
bottom Langtang, Nepal 



microhabitats, with hew snow cover dependent 
vegetation. Sudden removal of such structures 
or breakdown (e.g. after bankruptcy of a lift 
company) exposes sensitive vegetation, normally 
found only in protected areas, to the harsh winter 
climate of ridges, leading to death with subsequent 
soil erosion risk. Artificial snow has also been 
described to have adverse effects (Cernusca et al. 
1990), but often also protects the turf from damage 
under otherwise insufficient snow cover. There is 
a lot of long term responsibility involved in the 
management and alteration of alpine terrain and 
its microclimate, given the rather low self-repair 
capacity and overall slow responses of alpine 
vegetation. 

With a wider perspective, the ecological judge- 
ment of such touristic intrusions into the alpine 
landscape is not straightforward. If there were no 
income from tourism, many of the before men- 
tioned, biologically precious, man-made parts of 
the alpine landscape near the treeline were already 
gone. The appreciation of the beauty and recre- 
ational value of the alpine ecosystem by lowland 
visitors contributed a lot to the success of conser- 
vation initiatives. One has also to bear in mind that 
the most intense types of land use by tourism are 
commonly small in area, compared with agricul- 
tultural land use, but on the other hand often affect 
rather sensitive terrain, which would better not be 
touched on (e.g. dwarf shrub vegetation in the 
lower, and fragmented vegetation in higher alpine 
zone, on steep slopes in particular). Figure 17.4 
illustrates the extent of historical deforestation for 
pasture land in the Alps. 

The impact of altered 
atmospheric chemistry 

Although commonly far away from urban agglom- 
erations and industrial emission, atmospheric 
pollution does reach alpine ecosystems to vari- 
able degree, and atmospheric CO 2 enrichment is 
a global phenomenon. No doubt, many alpine 
regions in the Northern Hemisphere are current- 
ly receiving a multiple of the pre-industrial rate of 
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Fig. 17.4. The contribution of certain land surface types to 
total land area in the Otztal catchment (893 km^; Tirol, 
Austria). This catchment covers a range in altitude of 
between 700 and 3700 m elevation, with 50% of the area 
above 2500 m. The climatic treeline is at ca. 2200 m. Note 
the land area released from glaciers between 1850 and 1969 
(80 km^ or 9% of catchment area) and the difference between 
the potential and actual forest area (160 km^ or 18%), largely 
resulting from land claims during millenia of pasturing 
activities. Settlements are restricted to 5% of the catchment 
area because of natural risks. Machined ski runs cover ca. 

1% of the area, but the area actually influenced through 
construction activities and skiing is substantially larger, 
especially if work roads and rock or scree slides are 
considered (Patzelt 1996) 
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Fig. 17.5. Measured concentrations of nitrate in an ice core 
from Monte Rosa (Switzerland 4400 m) as a function of ^^°Pb 
dated age. (Doscher et al. 1995) 
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Fig. 17.6. The potential influence of soluble N deposition on 
alpine grassland. The addition of 40kgNha~^ sT\ the 
equivalent of current lowland deposition in central Europe, 
causes leaf area index (LAI) of an alpine turf at 2500 m 
elevation to increase 2.5 times by the forth season of 
treatment. Biomass doubled. For current “natural” wet 
deposition see Table 17.1 and Figure 17.5. For comparison, 
100-300 kg Nha~^ a“' are common applications in agriculture. 
LAI: orginal data; for biomass responses see Schappi and 
Korner (1997) 

soluble nitrogen deposition (Fig. 17.5; Table 17.1) 
and alpine plants have been shown to be very 
responsive to N addition (Chap. 10, Fig. 17.6). More 
vigorously growing plants tend to be more recep- 
tive to atmospheric fertilizer. Commonly, such fast 
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Table 17.1. Soluble nitrogen deposi- 
tion above the climatic treeline of 
Europe and North America 



Area 


N deposition 

(kgNha“^a”9 


Reference 


Alps (Tirol)" 


7 


Psenner and Nickus (1986) 


Alps (Tirol) 


8-13 


Smidt and Mutsch (1993) 


Alps (Swiss) 


14-21 


Graber et al. (1996) 


Rocky Mts. (Co.) 


6 


Bowman (1992) 


Rocky Mts. (Co.) 


4 


Baron and Campbell (1997) 



® Central part, all other data from front range catchments. 



growing species are not very robust when facing 
physical stress. Their increasing abundance 
under continuously enhanced N availability could 
weaken the overall robustness of ecosystems. 

According to Bowman (1992) and Williams et 
al. (1995) the largest fraction of annual wet depo- 
sition of N is stored in the seasonal snowpack and 
maximum runoff concentrations occur during the 
first part of snow melt. The comparatively low 
rates of N deposition in the Rocky Mts. and the 
Sierra Nevada of California correspond to approx- 
imately one third of annual N mineralisation in 
soils, but the current rates reported for some parts 
of the Alps exceed natural N mineralisation. 

Anthropogenic acid deposition is significant 
at high elevation, in some cases exceeding rates 
found at lower altitudes (Psenner and Nickus 1986; 
Lovett and Kinsman 1990; D5scher et al. 1995). 
Rusek (1993) reports for the Tatra Mts. that acid 
deposition since 1977 became particularly effec- 
tive in alpine grassland, where a drop by 1.5 pH 
units was observed in places with snow accumula- 
tion. Spruce forests started to die back from higher 
elevations. Among all compounds deposited in 
alpine ecosystems, soluble nitrogen deserves 
greatest attention, because of the key role of nitro- 
gen for plant metabolism and its immediate 
influence on plant growth and biodiversity (see 
Chap. 10). Acid rain may impose particularly 
severe changes in aquatic systems (Psenner and 
Nickus 1986; Psenner and Schmidt 1992). 

Elevated CO 2 has been expected to become 
most effective in plants at high elevations, because 



of the already reduced availability due to lower 
partial pressure (see Chap. 11). Results of gas 
exchange studies have indeed supported the idea 
of instantaneous (Billings et al. 1961; Mooney et al. 
1966; Korner and Diemer 1987; Ward and Strain 
1997) and prolonged (Diemer 1994; Korner and 
Diemer 1994) strongly positive effects of elev- 
ated CO 2 on alpine photosynthesis, in line with 
long-term adjustments to life at high elevation 
as reflected in carbon isotope discrimination 
(Korner et al. 1991). However, results of four 
seasons of in situ simulation of a double-C02 
atmosphere in alpine grassland in Switzerland did 
not support this view (Schappi and Korner 1996; 
Korner et al. 1997; see color Plate 4h at the end of 
the book). Aboveground plant biomass remained 
completely unaffected and belowground effects 
were small (+12%, P = 0.09). Not even legumes and 
their symbiotic N 2 fixation were stimulated. These 
observations are in line with those by Tissue and 
Oechel (1987) for graminoid arctic tundra. 

C02-enrichment did, however, reveal some 
species specific responses (stimulation of faster 
growing, currently very rare species), affected 
tissue quality of plants (less protein more 
carbohydrates; Schappi and Korner 1997), and 
did influence herbivore behavior (significantly 
increases consumption by grasshoppers; see 
Korner et al. 1997). These more subtle effects may 
translate into significant ecosystem effects in 
the very long term. However, the net effect of 
CO 2 enrichment on the ecosystem C balance 
approached zero after four seasons (see the syn- 
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thesis in Korner et al. 1997 and K5rner and Hat- 
tenschwiler 1998). Overall the influences of dou- 
bling elevated C 02 .are much smaller than those 
imposed by the application of amounts of soluble 
nitrogen, which are currently contained in the 
annual rainfall of many European lowland regions. 

Climatic change and 
alpine ecosystems 

A most important feature of alpine plant life is 
“change” - rapid and small scale change of cli- 
matic and soil conditions. Climatic global change 
scenarios appear almost negligible compared with 
those natural changes and contrasts alpine plants 
master today, as illustrated in Chapter 4. However, 
an overall warming and associated changes in pre- 
cipitation patterns and snow cover will influence 
alpine vegetation (Guisan et al. 1995). Current pre- 
dictions suggest that effects will be minimal in the 
tropics and maximal at high latitudes. Twentieth 
century trends in the Alps match global warming 
trends (Fig. 17.7). Changes appear to be most pro- 
nounced in Western Europe and parts of Asia 




Year 

Fig. 17.7. Climate warming: a comparison of global trends 
in mean surface temperature anomalies with those averaged 
for eight high elevation sites in the Alps (smoothed with a 
5-year filter). (Beniston et al. 1997) 



(Diaz and Bradley 1997). In the Alps, minimum 
temperatures increased much more than means 
(by 2K; Beniston et al. 1997). As was discussed in 
Chapter 8, winter minima per se will have little 
effect on alpine plants, but if they affect snow cover 
they can become effective. However, there is evi- 
dence for the Swiss Alps, that effects on snow cover 
generally diminish as elevation increases (Benis- 
ton 1997). Most sensitive areas are below the 
treeline, and are not considered here. Evidence 
is accumulating that as heavy rainfall events 
(associated with warming, but not necessarily 
extreme events) become more frequent, erosion is 
likely to be enhanced (e.g. Rebetez et al. 1997). 

Predictions based on models which assume 
current plant-climate coupling to persist, and 
plants to migrate with isotherms (e.g. Ozenda and 
Borel 1990; Guisan et al. 1998) may overestimate 
change at the level of vegetation belts (which are 
partly linked to soils and relief, and depend on 
slow clonal spreading, hence are conservative), but 
may underestimate effects on single species, the 
level at which migration appears to happen, 
according to fossil records (e.g. Ammann 1995; see 
also the discussion by Theurillat 1995). Holten 
(1993) and Saetersdal and Birks (1997) suggested 
that species of narrow thermal ranges (often rare 
species) should be affected first. 

The evidence that alpine plants are likely to 
respond to climate warming comes from two 
sides: simulation experiments with small open top 
greenhouses such as the ones used in the Interna- 
tional Tundra Experiment (ITEX; e.g. Henry and 
Molau 1997) and alpine site re-visitation (Hofer 
1992; Gottfried et al. 1994; Grabber r and Pauli 
1994). The last authors calculated mean 10-year 
up-slope moving rates of plant species of 1 to 4 m 
in elevation for various mountain tops in the Alps. 
They thus confirmed trends already suggested 
by Braun-Blanquet (1956), who noted increased 
plant species presence above 3000 m elevation in 
1947-1955, compared with 1812-1835. 

Temperature increases in the range of interest 
here (1-3K) do not necessarily enhance plant 
metabolism because cold climate plants com- 
monly adjust their respiration to prevailing tern- 
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peratures (see Chap. 11 and Griddle et al. 1994; 
Larigauderie and Korner 1995), though perhaps 
not completely in all cases. The most common 
observation during in situ warming experiments 
in temperate and subarctic latitudes (e.g. ITEX) 
was little vegetative effect (growth, biomass pro- 
duction), but substantial phenological accelera- 
tion both in arctic and alpine areas (e.g. earlier 
flowering; Wookey et al. 1994; Havstrom et al. 1995; 
Alatalo and Totland 1997; Stenstrom et al. 1997; 
Suzuki and Kudo 1997; Molau 1997; Stenstrbm and 
Jonsdottir 1997; tests for Carex, Cassiope, Saxifra- 
ga, Silene), This is in line with conclusions by 
Frock and Korner (1996) that early season devel- 
opment of cold climate plants is opportunistic, 
while late season phenology is deterministic 
(photoperiod controlled; see Chap. 13). Hence, 
climatic warming will largely affect early season 
development, the key to which is the possibility of 
earlier snowmelt (Guisan et al. 1995, 1998; Guisan 
1996). In regions with potential topsoil desiccation 
and thus drought induced nutrient shortage in 
midsummer, accelerated snow melt may, however, 
have negative effects (Walker et al. 1995). As a 
plausible alternative to bulk up-slope migration, 
Grabherr et al. (1995) have suggested local niche 
Ailing and re-arrangements in vegetation mosaics, 
driven by patterns of snow distribution and 
microclimate. 

Enhanced UV-B is unlikely to affect alpine 
plants since they are well adjusted to cope with a 
varying degree and high intensity of UV-B com- 
pared with doses considered critical at low eleva- 
tion (see Chap. 8). Experimental evidence from 
high latitudes also suggests little if any effect 
(Sonesson et al. 1996; Van de Staaij et al. 1997; Weih 
et al. 1998; tests for genera Betula, Hylocomium, 
Silene), although ericaceous dwarf shrubs in open 
tundra woodland have been shown to be sensitive 
to experimental UV-B enhancement (Johanson et 
al. 1995; Vaccinium sp.). 



In summary, rising temperatures, longer season 
length and increased nitrogen supply alone or in 
combination will reduce some of those constraints 
dominating alpine plant life as was discussed in 
this book. In interaction with elevated CO 2 diver- 
sity and abundance of certain species will change. 
“Lessening” environmental “limitations” (see 
Chap. 1) will open alpine terrain for invaders from 
lower elevations and create pressure for upward 
migration of alpine species. Actual migration will 
always strongly depend on migration corridors 
and whether mountains provide high enough 
escapes. Whether rates of migrations will track 
current rapid changes seems doubtful. Most alpine 
species perform some sort of clonal, rather slow 
mode of propagation and thus retain space occu- 
pancy irrespective of such climatic variation. For 
instance, it is thought that clones of Carex curvula 
have persisted several thousand years on the very 
same spot at 2500 m in the Alps (Steinger et al. 
1996) while the climate has undergone substantial 
variation. Obligatory seeders and alpine “ruder- 
als”, restricted to open high elevation terrain, are 
thus the most likely components of the alpine flora 
to exhibit fast responses. Late successional, closed 
vegetation will change very slowly if at all (with N 
deposition bearing the greatest influence). 

Compared with these atmospheric changes, 
direct human influences are much more severe 
and immediate. The current rapid and worldwide 
deterioration of the lower alpine vegetation belts 
and traditional pasture land near the treeline 
calls for rapid intervention. On the other hand, 
wild plants inhabiting high alpine terrain bear a 
great potential for bio-monitoring atmospheric 
influences on a global scale, because such cold 
climate wilderness habitats are unique in occur- 
ring at all latitudes (Fig. 2.1). Hence, well docu- 
mented historic research sites in alpine areas 
represent invaluable reference points for global 
change research. 
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Acantholimon 289 
Achillea 104, 179, 202, 111, 261, 275 
Adenostyles 111 
Adesmia 104, 104 
Aeonium 19 
Aeropus 257 
Agrimonia 106 
Agrostis 205, 227, 261, 111, 280 
Alchemilla 139, 165, 177, 179, 205, 212, 
338 

Alnus 57, 161 

Aloe 18 

Alopecurus 233 

Androsace 11, 177, 252, 261, 265 

Anemone 265, 336 

Angelica 57 

Antennaria 270, 280, 289 

Anthelia 57 

Anthoxanthum 261, 264, 339 
Anthriscus 269 
Anthyllis 116, 135, 202, 227 
Aquilegia 119 

Arafefs 113, 146, 215-216, 229, 261, 
271,289 

Arctostaphylos 112-113, 135, 182, 210 
Arenari-a 11, 105 

Argyroxiphium 18, 106, 194, 215, 264, 
290 

Arnica 185, 226 
Artemisia 58-59, 112, 131, 273 
Aspergillus 75, 75 
Aster 104 

Astragalus 14, 113, 131, 161, 164, 205 
Aucuba 57 
Avenula 261 

Azorella 105, 124, 241, 290, 334 
Azospirillum 162 

Baccharis 124 
Bacillus 75 
Bartsia 261 



Bellidiastrum 135 
Betonica 106 

57, 91, 99, 192, 232, 298 
Biscutella 135, 278 
Bistorta 138, 140, 152, 157, 184 
Bombus 265-266 
Bouteloua 189 
Bromus 106, 270 

Calamagrostis 272-273 
Calandrinia 142, 203, 205 
Calceolaria 104 
Calluna 105, 136,210,336 
Caltha 138, 140 
Calycera 142, 257 
Campanula 116, 202, 261, 265-266, 
282 

Cardamine 1 16, 202, 261, 111 
Carduus 104 

Carex 17, 55, 57, 72, 104-105, 

105-106, 108, 112, 118, 122, 127, 139- 
140, 144-145, 150, 156, 160-161, 
163-164, 167, 180, 182-183, 185- 
187, 195, 197, 202, 205-206, 218, 

225, 233, 248-250, 252-254, 257, 
260-261, 267-268, 270, 111, 279-280, 
283, 284, 286, 287, 289, 293, 298, 

298 

Carlina 17 
Cassiope 113, 137,298 
Castillea 105, 265 
Celmisia 280, 283 

Cerastium 58, 106, 135, 163, 177, 193, 
202, 205, 214, 220, 261, 261, 111, 116, 
336 

Cetraria 111, 184 
Chaetanthera 104 
Chamaespartium 106 
Cheatomium 75 
Chenopodium 191 
Chionochloa 140, 145, 159, 181, 253, 
280 

Chrysosporium 75 



Cirsium 106,202,261,269 
Cladonia 181 
Cladosporium 75 
Clostridium 162 
Colchicum 106, 239 
Coprosma 14, 19, 283 
Crassula 236 
Crepis 106 

Cryptogramma 116-117 
Culcitium 43, 136, 205 
Cyanthus 265 
Cyathea 18 
Cylindrocarpon 75 

Dactylis 106,216,228,240 
Danthonia 252, 254, 280 
Daphne 116,144 
Delphinium 58 
Dendrobaena 75 
Dendrosenecio 147 
Deschampsia 41, 179, 197, 222, 252, 
254, 273, 280, 288 
Desulfovibrio 162 
Dianthus 261 

Doronicum 104, 186, 202, 261, 282 
Draba 105, 113, 164, 166, 205, 236, 261 
Dracena 18 
Dracocephalum 104 
Drapetes 136,283,285 
Dryas 60-61, 112, 161, 163, 168, 
271-272, 283 

Echeveria 18, 189, 191 
Echium 18, 181-182 
Eleocharis 164 

Empetrum 105, 137, 210, 283, 289, 336, 
336, 275, 278, 287 
Erica 144 

Erigeron 116,205,261 
Eriophorum 116 
Ermania 1 1 
Erysimum 182, 185 
Erythronium 57, 60 
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Espeletia 18, 38, 85, 106, 109, 136, 138, 
147, 178, 185, 253, 264, 266, 272-274, 
332 

Eucalyptus 39, 54, 91, 129 
Euphorbia 106, 261 
Eurotia 131 

Festuca 41, 124, 131, 136, 140, 159, 

261, 268, 272-273, 280, 282, 332, 

334 

Fusarium 75 

Galium 106 
Gaultheria 283, 269 
Gentiana 11, 106, 113, 116, 165, 202, 
261,261,261,265, 280, 282 
Gentianella 261, 267, 268 
Geodermatophila 12 
Geranium 57, 142, 205, 205, 236, 257 
Geum 48, 58-59, 104, 106, 118, 135, 
139, 146, 173, 177, 182, 193, 202, 204, 
206, 212, 214, 224, 237, 261, 261, 265, 
273, 278, 282, 287 
Globularia 135 

Gnaphalium 177, 202, 261, 270, 272, 
279 

Gymnophyton 104 

Happlocarpha 104 
Hebe 283 
Helichrysum 280 
Heloniopsis 288 
Heracleum 197, 269 
Herpotrichia 57, 90 
Hieracium 106, 1 13, 202, 226, 261, 265, 
275, 289 

Hinterhubera 105 
Holcus 106 
Hordeum 197 
Hutchinsia 271 
Hylocomium 286, 298 
Hypericum 105-106,283 
Hypochoeris 43, 142, 205, 217, 
240-241,257, 280 

Juncus 261, 280 
Juniperus 83 

Klebsiella 162 
Knautia 106 

Kobresia 118, 131, 145, 152, 163, 166, 
204, 252, 254, 280, 338 

Lachemilla 205 

Larix 88, 90, 91, 93, 97-98, 94, 232 



Lemmus 258 

Leontodon 106, 156, 202, 208, 257, 261, 
265, 287 

Leontopodium 16, 104, 136, 265, 338 
Lepidium 67,142,217 
Leucanthemopsis 202, 261 
Leucanthemum 106 
Ligusticum 104, 183, 202, 261 
Linaria 146, 177, 190, 261, 275, 282, 
332 

Lobelia 44, 18, 106, 108, 139, 147, 205, 
290 

Loiseleuria 36-37, 56-57, 72, 105, 
112-113, 129, 136-140, 143-144, 151, 
158, 168, 177, 182, 196-197, 202, 210, 
222, 248, 252, 254, 261, 283, 285, 289 
Lonicera 232 
Lotus 106,116 
Lucilia 105 
Lupinus 136,161,205 
Luzula 57, 106, 205, 222, 228, 233, 248, 
252, 254, 260-261,272, 280 

Mancoa 142 
Melanopus 257 
Menonvillea 104 
Microtus 258 
Mimulus 139, 174-175 
Minuartia 177, 261 
Miscanthus 189 
Monascus 75 
Monilia 75 
Mortierella 75 
Mucor 75 

Muehlembergia 189, 236, 332 
Myosotis 202,261 

Nardus 48, 105-106, 150, 154, 165, 

177, 280, 283,289, 338 
Niphogeton 205 
Nothofagus 78,91,96 
Nototriche 142,217,236 

Octolasium 74 
Opuntia 14, 18 
Oreochloa 261 
Oreoxis 118 
Oxalis 236 

Oxyria 104, 113, 142, 151, 178-179, 
182, 192, 193, 202, 215, 223, 237, 258, 
261,272-273, 275,277 
Oxytropis 14, 272 

Paecilomyces 75 
Papaver 132, 146 



Para'Hrephia 124 
Pedicularis 261,272 
Peltigera 181 
Penicillium 75 
Penstemon 270 
Perezia 108, 142,217,257 
Pernettya 283 
Petasites 284 
Peucedanum 230 
Phacidium 57 
Phippsia 233 
P/z/ewm 212,216,228,260 
Phlox 265 
Phyteuma 202, 261 
Pfcefl 91,94,97-99, 146, 182 
Pinguicula 190, 272 
Pinus 78, 82-83, 90, 91, 93-94, 98-99, 
146 

Plagiobothrys 142,217 
Plantago 106, 118, 202, 228, 270, 

280 

Pofl 60, 106, 150, 163, 165, 183, 
193-194, 207-208, 216, 224, 226-228, 
260, 272, 280, 283, 286, 288, 289, 338 
Podocarpus 332 
Polemonium 257, 273 
Poly gala 106, 135 
Polygonum 17, 163, 204, 217, 227, 

230, 260-261, 265, 283, 286, 288 
Polylepis 83-85, 93 
Polytrichum 57, 124 
Potentilla 48, 104, 106, 113, 131, 135, , 
140, 146, 202, 224, 230, 261, 265, 273 
Primula 38, 104, 112, 116, 135, 139, 
144-146, 182, 211, 214, 252, 261, 265, 
282 

Pringlea 19 
Pseudogymnoascus 75 
Pseudomonas 75 
Pteridium 106 
Pulsatilla 261 
Puya 14, 18 

Quercus 6 

Radiola 190-191 
Ranunculus 2, 1 1, 33, 41, 44-45, 

56-57, 59, 94, 104, 108, 113, 118, 
135-136, 142, 163-165, 173, 178-180, 
182-183, 186-188, 193-194, 202, 205, 
212, 214, 220, 223, 228, 230, 233, 
240-243, 252, 258, 260-261, 265, 270, 
275, 278, 283 
Raoulia 285, 289 
Rheum 45 
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Rhizocarpon 332 

Rhododendron 36-37, 56-57, 103, 135, 
144, 168, 196-197, 222, 254, 261, 283, 
285 

Rhynchotrichops 265 
Ribes 232 
Richea 19 
Rubus 112 

Rumex 45, 57, 102, 135, 142, 150, 177, 
227, 270, 275, 336 

Salix 108, 1 13, 146, 163, 177, 202, 252, 
261,283,289 
Salticidae 12 
Salvia 106 
Sanguisorba 106 
Saussurea 10, 38, 104, 136, 282 
Saxifraga 11, 104-105, 112-113, 116, 
135, 166, 177, 181-182, 194, 202, 204, 
260-261, 264, 266, 275, 288, 298 
Sedum 18, 19, 145-146, 166, 190-191, 
261,277 

Selinum 179, 189 
Sempervivum 18, 38, 1 12, 1 16, 122, 
145-146, 182, 189-191, 261, 336 



Senecio 18, 45, 104-106, 136, 182, 202, 
205, 261,282, 290, 332 
Sesleria 150, 216, 228, 248, 250, 254 
Sibbaldia 59-60, 104, 202, 273, 279 
Sieversia 230 

Silene 39-40, 55, 105, 112-113, 135, 
146, 177, 261, 265-266, 272, 290, 298, 
332 

Soldanella 55-57, 104, 146, 182, 202, 
260-261,282, 336 
Sorbus 232 
Stellaria 1 1 
Stereocaulon 181 
Stipa 280 

Styphelia 41-42, 283 

Taraxacum 106, 179, 202, 222-223, 
261,265, 272, 289 

Tephrocactus 14, 146, 189-190, 191 
Tetramolopium 136 
Thalictrum 179 
Thlaspi 146, 166, 282 
Thymus 106,261 
Trichocerreus 146 
Trichocladium 75 



Tricho derma 75 
Trifolium 59, 106, 118, 122, 140, 
160-161, 178, 202, 220, 261, 270-271, 
275 

Trisetum 179 
Tsuga 6 
Tussilago 135 

Vaccinium 37, 42, 48, 57, 72, 105, 1 10, 
135, 144, 151, 164-165, 168, 177, 179, 
182, 184, 195, 202, 210, 232, 248, 252, 
254, 261,283, 298, 336 
Valeriana 205 

Veronica 106, 116, 202, 261, 279-280 
Vida 106 

Viola 64, 104, 142, 272 
Volutella 75 

Werneria 142, 205, 257, 280 
Woodsia 204 

Xanthorrea 18 

Yucca 18 
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abortion 267 

absorbance 115 

abundance ranges of species 3 

acid deposition 296 

adaptation 2 

adiabatic lapse rate 23 

aeolic sedimentation 63 

afro-alpine 5 
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Plate 1. Characteristic plant life forms in the alpine zone. Although most alpine plants are small in stature, tall forbs (a) 
occur as well; here, Senecio formosus at 4000 m in the Venezuelan Andes. A key element of all alpine floras is tussock grasses 
(b); here, a tall assemblage on the slopes of Pico di Orizaba, 4100 m, Mexico {Festuca sp, Muehlemberiga sp.). c Dwarf shrubs 
{Podocarpus lawrencii, 2050 m, Kosciusco National Park, SE Australia) and d cushion plants (Silene acaulisy 2600 m, Mt. 
Glungezer, Tirolian Alps) profit from radiative warming, e Linaria alpina is a creeper on loose substrate (Oetztal Alps, 3000 
m) and f Espeletia sp. (El Angel, 3600 m, Ecuador) exemplifies the giant form of rosettes; much smaller and sessile rosettes 
are key elements of alpine vegetation worldwide. Cryptogam pioneers: g crusts of algae and tiny bryophytes stabilize the 
ground, and h lichens can settle on most hostile places like bare rock {Rhizocarpon sp. and others) 

Plate 2. The alpine life zone has many “faces” and is characterized by sharp environmental contrasts over short distances. 

The upper limits: a scree and rock (Tien Shan, Kasachstan, 3200-4000 m). b Scree vegetation in the Central Alps at 2600 m. 
Alpine grasslands, often co-dominated by sedges on wet (c) or well-drained (d) ground (Alps, 2500 m). e Alpine semi-desert 
in Tenerife, Canary Islands, 2500 m and f tussock grasslands, Cumbres Calchaquies, NW Argentina, 4250 m {Festuca species, 
with a giant Azorella cushion in front). The lowest belt of the alpine life zone is often covered by shrubs and dwarf shrubs: 
g Paramos, Venezula, 3800 m and h alpine heathland on Mt. Perisher, 2050 m, SE Australia 

Plate 3. Alpine plants have to cope with many types of environmental stress. Dry microhabitats may heat above 60 °C, 
thus creating “mini deserts” dominated by CAM plants like Sempervivum montanum (a). A few meters away one may find 
moisture-soaken late snow beds, where flowers of Solanella pusilla (b) manage to melt through snow in order to make 
maximum use of a short growing season (both examples from the Central Alps at 2300 m). It would be fatal if alpine plants 
(here, Empetrum nigrum in the northern Scandes) terminated their dormant state when experiencing warm spells under an 
icy greenhouse roof (c) during late winter. Because of deep dormancy and high freezing resistance in winter, it is the summer 
that bears the greatest risk of freezing damage, as happened here (d) to flowers of Anemone sulphurea at 2500 m in the Swiss 
Alps on 8 July 1998. e Late lying wet spring snow enhances the danger of snow mold (here, a ruined mat of Calluna vulgaris 
in the Tirolian Alps at 2200 m). f The sudden release from snow to full solar radiation needs very efficient protection of 
premature tissue from photodamage, involving carotenoids, flavonoids and anthocyanids (sprouting Rumex alpinus, 2500 m, 
Swiss Alps), g Mobile substrate often creates fatal mechanical damage - a niche for specialists {Cerastium uniflorum, Oetztal 
Alps, 3250 m). h Safety through controlled development: the same group of shoots {Empetrum nigrum and Vaccinium vitis 
idea) photographed in the subarctic-alpine belt of northern Sweden; left in late winter (12 May, dormant, with photosynthetic 
pigments screened from solar radiation) and right fully active on July 20 

Plate 4. Millennia of land use shaped the alpine landscape in many parts of the world, a Central Asia, Tien Shan, Kasachstan, 
2600 m, alpine pastures with Kobresia and Leontopodium (“Edelweiss”); b Lechtal Alps, Tirol, 1700 m, hayfields near treeline 
with Poa, Nardusy Anthoxanthumy Alchemillay etc. Much of the research presented in this book was obtained from two areas: 
c Niwot Ridge, Front Range Colorado, 3500-3600 m and d alpine grasslands near Furka Pass, Swiss Alps, 2500 m. 
Understanding alpine plant life requires both field work and controlled environment work: e, f in situ measurements of 
photosynthesis on Mt. Glungezer, Tirol, 2600 m; g, h use of cooled solar domes (Innsbruck, Austria) and field devices such as 
open-top chambers (Furka Pass, Switzerland) to simulate global change (in this case, CO 2 enrichment) in alpine vegetation 
under growth conditions as natural as possible (see Chapters 11 and 17). 
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